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ABSTRACT
This dissertation presents novel biodegradable copolymers with dendritic
architecture, classic polymers, and inorganic materials with controlled surface
topography, stiffness, and surface energy for investigating cell-material interactions and
targeting tissue engineering applications. Chapter I reviews the recent progress in bone
and nerve regeneration, the key factors of materials influencing cell-material interaction,
and self-assembled polymer structures. Chapter II presents a divergent method to
synthesize biodegrable com-dendritic tri-block copolymers consisting of poly(ethylene
glycol) and poly(L-lactide) or poly(ε[epsilon]-caprolactone) and the MC3T3-E1 cell
response to their spherulites. Chapter III presents the fabrication of deformable poly(εcaprolactone) honeycomb films prepared via a surfactant-free breath figure method in a
water-miscible solvent and how the tunable topography regulates MC3T3-E1 cell
functions. Chapter IV investigates the fabrication of photo-cured poly(ε-caprolactone)
triacrylate films with tunable pore size via breath figure method and how the pore size
regulates MC3T3-E1 cell behavior. Chapter V invented a facile method to fabricate
honeycomb films with submicron pores using monodisperse silica nanoparticle as
template and studied the MC3T3-E1 cell functions on those honeycomb films. Chapter
VI described a novel method to fabricate microgrooves with honeycomb patterns and
investigated the MC3T3-E1 cell functions on this special topography. Chapter VII
introduces a facile method to obtain controllable surface energy on poly(ε-caprolactone)
substrates via controlling the composition of edge-on and flat-on lamellae and how
MC3T3-E1 cells behave on those substrates with different surface energy. Chapter VIII

iv

synthesizes biomimetic calcium carbonate concentric microgrooves with tunable width
via self-assembly and studies the MC3T3-E1 cell response to those microgrooves.
Chapter IX describes one method to fabricate controllable topographical features and
mechanical properties on poly(ε-caprolactone) substrates using uniaxial and biaxial
stretching and how those substrates regulate MC3T3-E1 cell functions. Chapter X studies
rat pheochromocytoma (PC12) response to the banded spherulites of poly(ε-caprolactone)
and polyhydroxybutyrate. Chapter XI presents the preparation of honeycomb-patterned
copolymer films with tunable pore size and how the pore size regulates NPC cell
attachment, proliferation, and differentiation.
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CHAPTER I
INTRODUCTION

1.1Bone Regeneration
Bone, a complex tissue, consists of a mineral composition of hydroxyapatite and
amorphous calcium phosphate crystals, which deposit on an organic matrix. Bone
performs vital functions in maintaining body system, including protection of important
organs, providing substrata of muscle attachment for locomotion, retaining reserve stores
of calcium and some other inorganic ions, and regeneration of blood cells for
oxygenation and immunoprotection of tissues [1-3]. Constantly remodeling endows bone
a dynamic tissue, which requires cooperation among osteoblasts, osteocytes, and
osteclasts to maintain homeostasis of bone tissue. Bone resorption from osteoclasts and
their precursor always accompanies body metabolic process, while bone remodeling as
one integral part of calcium homestatic system can produce new bone matrix and
subsequent mineralization through the differentiation of osteoblasts and their precursor
[4-6]. In the remodeling process, osteoblasts are trapped in calcified matrix, change
phenotype and develop into osteocytes, which gradually reduce their organelles and
production of matrix proteins, but still communicate with bone-lining cells. Osteoblasts
adhere to and communicate with each other mainly through adherens junctions, which
require calcium-dependent cell-cell adhesion via cadherins [5,7]. Therefore, calcium
plays an important role in the elaboration of a full osteoblastic phenotype. Calcium
involved ceramic implants, such as Calcium carbonate, hydroxyapatite, and calcium
phosphate, were developed for bone repair in the early times [8]. Metallic and polymeric
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biomaterials were also invent and are being applied as implants. However, long-term
observation of these materials indicated some defects, such as mismatch of mechanical
properties with native bone causing stress shielding and bone resorption and poor
interaction with the tissue environment [2]. Facile and biomimetic synthetic approaches
are emphasized for developing composite biomaterials with improved mechanical
properties and great biocompatibility as well as bioactivity which enhance cell-material
interaction and communication.

1.2 Nerve Regeneration
The nervous system consists of central nervous system (CNS) and peripheral nervous
system (PNS) [9]. The CNS including spinal cord, brain, optic, and olfactory and
auditory systems is crucial in conducting and interpreting signals and stimulating the PNS.
The PNS includes spinal nerves arising from spinal cord, cranial nerves arising from
brain, and sensory nerve cell bodies [9].
1.2.1 Peripheral Nerve Regeneration
Typical clinical treatment for nerve repair is either use of an autologous nerve graft or
direct reconnection of damaged nerve ends. Reconnecting the nerve ends with small gaps
can be an effective approach. However, it is not perfect for longer nerve gaps in that the
extra tension on the nerve cable play a role in prohibiting nerve regeneration [9,10]. In
case of longer nerve gaps, the autologous nerve graft shows advantage compared with
reconnection of nerve ends. However, this cause loss of function at the donor site and the
amount is limited [9].
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1.2.2 Central Nerve Regeneration
Compared with peripheral nerve regeneration, the clinical treatment for central nerve
regeneration becomes less promising. CNS axons cannot be produced in native
environment. The worse point is that several glycoproteins in CNS are inhibitory for
nerve regeneration [11-13]. Macrophages permeate the injury site more slowly than that
in PNS, which delays the removal of inhibitory myelin [14]. In addition, astrocytes in
CNS generate glial scars inhibiting regeneration [15].
1.2.3 Materials for Nerve Regeneration
To date, the research in term of nerve regeneration is focused on inventing advanced
scaffolds which guide regeneration of nerves across lesions to replace autologous nerve
graft. These materials mainly include non-autologous/acellular grafts, natural-based
materials, and synthetic materials [9].
Non-autologous tissue and acellular grafts such as allogenic tissues from cadavers and
xenogeneic tissues from animals can substitute autologous tissue. However, these tissues
have one vital disadvantage that they cause risk of disease transmission. For application
in nerve regeneration, they must be processed to remove immunogenic components or
used together with immunosuppressants. Many methods such as thermal techniques,
radiation, and chemical process have been employed to remove or destroy the
immunogenic cells and preserve the ECM components [16-19].
The term of natural materials is used to describe one category of nerve regeneration
materials which consist of natural molecules and materials. For example, widely used
natural molecules are ECM proteins, such as laminin, collagen, and fibronectin as they
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are important in axonal guidance [20,21]. Silicone tubes which were filled with ECM
proteins were demonstrated to improve the nerve repair of rat sciatic nerve gap with 10
mm in length compared with control groups without ECM proteins [22]. Collagen
filaments improved the axon regeneration and guidance across nerve gap with 20-30 mm
in length [23,24]. The neurite extension was guided instead of randomly growth on
oriented fibers of collagen within gels. Other natural molecules used for nerve
regeneration mainly include hyaluronic acid, fibrin gels, fibrinogen, alginate, agarose,
and chitosan. Current challenge of natural-based materials is to modify them for
engineering applications [25-32].
Synthetic materials have drawn tremendous attraction due to the controllable chemical
and physical properties for specific application. The promising synthetic materials
generally possess some crucial characteristics, such as formation of conduit with tunable
dimensions, feasibility of sterilization, resistance to tear, and feasibility of suturing.
Materials without degradability may have high risk for infection and provoke a chronic
inflammatory response [9]. Therefore, a promising material for nerve regeneration should
be biodegradable. A variety of synthetic materials have been developed for nerve
regeneration. Poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), and
poly(lactic acid) (PLA) were approved by the FDA to be used due to their processibility,
biodegradation ability, and availability [33,34]. Poly(ε-caprolactone) (PCL) has also been
demonstrated to be promising materials for nerve regeneration applications [35-37]. In
addition to these polyesters, biodegradable polyurethane, hydrogels, poly(organo
phosphazene), and poly(3-hydroxybutyrate) have also been demonstrated to guide nerve
regeneration [36, 38-40]. Materials with electrical charges showed potential application
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in nerve regeneration, because the charges improved the cellular differentiation and
neurite extension. For example, neurite growth was greatly enhanced on pizoelectric
materials, such as poly(vinylidene fluoride), electrically conducting polymers, such as
polypyrrole, and polymers with natural charges, such as poly(L-lysine) (PLL) [41-43].

1.3 Cell-Material Interactions
When cells are exposed to cell culture medium, they first generate extracellular
matrix (ECM) proteins and the ECM proteins are subsequently distributed on the
substrate surface to form interface. The integrin receptors mediating the adhesive
interactions can transduce signals into and out of the cell. The fate of anchoragedependent cells is hence strongly affected by the initial adhesion on substrates. It is
demonstrated that the surface chemistry, mechanical properties, Surface energy, and
topography can influence cell survival, proliferation, and differentiation through intimate
interactions between surface and ECM proteins [44,45].
1.3.1 Surface Energy
The material surface presents chemical bonds of atoms asymmetrically directed
toward the interior of the substrate, which attract the surface atoms inward and generate
surface tension. After the surface reacts with ambient molecules, the surface energy
gradually decreases. Once biomaterials are implanted into biological fluids, the material
surface is coated with a protein layer, which plays a crucial role in mediating cell
functions, such as cell attachment, and subsequently proliferation and differentiation [4648]. The role of surface energy in the regulation of cell adhesion is contradictory. The
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substrate with surface energy gradient was prepared by ozonolysis to convert the CH3
group into OH and COOH layers and further coated the surface gradient with a
fibronectin layer [48]. Because the surface with lower surface energy had higher protein
adsorption, conformational changes in the proteins, and irreversible protein adsorption,
the gradient fibronectin layer was formed before cell study. The findings suggested that
cells showed the best spreading when water contact angle was around 60° and lower
surface energy supported better cell adhesion and proliferation. Quartz with different
surface energy was prepared via plasma-discharge-treatment. Cell functions of human
fetal obsteoblastic (hFOB) indicated that hydrophilic surfaces caused homogeneous
spatial growth, as well as mineral deposition [49]. Compared with hydrophobic surfaces,
the mineralization was enhanced on hydrophilic surfaces. The effect of surface energy on
osteoblasts was also investigated on titanium-zirconium alloy. The results indicated that
TiZr with higher surface energy (37.74 mJ m-2) had better cell viability, adhesion, and
proliferation than other samples with lower surface energy [50].
1.3.2 Topography
Base membranes, which exist throughout vertebrate body and provide substrata for
overlying cellular structures, are composed of extracellular matrix (ECM) proteins which
can be exemplified as fibrous collagen, laminin, and fibronectin [51,52]. Pores from
nano- to micro-scale, ridges, and other nano-scale features are the main topography of
basement membranes. Basement membranes are believed to play a great role in
determining cell behaviors. First, ECM proteins of base membranes could provide
integrin receptors for cell anchorage and regulate subsequent events [53,54]. Secondly,
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mechanical and tensile properties of basement membranes could influence the strength of
integrin-cytoskeleton links and determine cell response [55]. Thirdly, complex
topography of basement membranes could dramatically affect cell functions [56,57]. To
mimic these complex features of basement membranes synthetic substrata with
topographic features, such as grooves, pits, pores, wells and nodes, spheres, and ridges,
have been developed [58-60]. The topography has been demonstrated to influence cell
functions through “contact guidance” and the influence is cell-type dependent [61-63].
Fibroblasts showed higher viability on honeycomb-patterned PCL films prepared using
silica microspheres compared with flat PCL films [64]. The adhesion and growth of
epidermal keratinocyte and dermal fibroblast cells were also promoted on honeycombpatterned PCL films (pore size, 3~20 μm) and the pores with size of 3~5 μm showed the
best promotion in adhesion and survival [65]. On the other hand, the neural stem cell
differentiation on honeycomb-patterned PCL films (pore size, 3~15 μm) was suppressed
and the pore edges guided the neurite extension [66]. The chondrocyte cell proliferation
on honeycomb-patterned PLA films was inhibited [67]. The major response of cells to
microgrooves is cell alignment along groove direction, whereas the cell attachment and
proliferation are not significantly influenced [68,69]. When the grooves are deeper and
narrower, cells can bridge from ridge to ridge and more effectively react to the
microgroove features. Cells may not sense the surface topography via focal adhesions
when the groove spacing is larger than 5 μm while the depth is smaller than 1 μm [70].
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1.4 Self-Assembled Polymer Structures
1.4.1 Honeycomb Patterns
The formation of honeycomb-patterned polymer films consists of three major steps as
shown in Scheme 1.1 [71]. First, the temperature on the surface of polymer solution
decreased when the volatile solvent evaporated, which consequently triggered nucleation
and growth of water droplets. Secondly, water droplets with similar diameters were
arranged into a hexagonal array. The last step was polymer precipitation around the water
droplets followed by complete evaporation of organic solvent and water.

Scheme 1.1 The mechanism of breath-figure method

In the breath-figure method, the pore dimension can be controlled through changing the
fabrication parameters such as airflow rate, humidity, concentration, cast volume of
polymer solution, and solvent type [71,72-74]. In general, higher airflow rate accelerates
the evaporation of solvent and the temperature in the solution is more efficiently
decreased, which causes formation of more water droplets available on the solution
surface. When the airflow rate is higher, the coalescence of water droplets becomes more
difficult. Thus, higher airflow rate generates smaller pores. Higher humidity normally
provides more moisture to form more water droplets on the solution surface and the
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coalescence tends to occur more easily, which causes formation of bigger pores. The
concentration of solution can also influence the pore dimension. Higher concentration
provides slower evaporation of solvent and causes formation of fewer pores. When the
concentration is high enough, the polymer solution can lose the capability to form porous
structure. Bigger cast volume of polymer solution can induce more evaporation of solvent
and subsequently causes formation of more water droplets, which induces larger pores
through coalescence. When the solvent is denser than water, the water droplets condensed
from moisture air tend to form monolayer pores on the solution surface without dropping
into the solution. On the other hand, when the solvent is lighter than water, water droplets
can drop into the solution and form multilayer pores.
1.4.2 Banded Spherulites
Polymers normally form spherical crystals called spherulites when they crystallize from
melts without disturbance at isothermal temperature [75]. A dark Maltese cross of the
spherulite can be observed using polarized optical microscopy (POM). The spherulite
diameter can range from micro-scale to millimeter-scale, depending on the crystallization
parameters, such as crystallization temperature, and the nucleating agent. Spherulites are
comprised of layer-shape lamellae. In the center of spherulites, the lamellae are stacked
in parallel. From the center to the edge, the lamellae display apart and branched
distribution owing to the repulsion of amorphous component between lamellae. The
spherulitic growth rate defined as the diameter growth length per unit time was
demonstrated to be constant even though the lamellar growth rate for some lamellae
initially can grow forward faster than the average spherulitic growth rate. Due to the
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regular twisting of the radial crystallite ribbons, some spherulites show alternating dark
and bright concentric rings, which is called banded spherulites. Typical semi-crystalline
polymers, such as PCL, poly(L-lactide) (PLLA), and poly(3-hydroxybutyrate) (PHB), can
form banded spherulites when the crystallization parameters are ideal and the ring
dimension, such as spacing and depth, can be varied via tuning crystallization
temperature [76-80].
1.4.3 Flat-on and Edge-on Lamellae
Polymer chains can form ordered and regular structure through crystallization and
random chain coils transform into perfectly ordered orientation during polymer
crystallization. The hierarchy of crystals determines the properties of these polymers. It
has been widely accepted that lamellae, the basic unit of polymer spherulites and
crystalline domains, are composed of folded polymer chains governed by kinetics.
Lamellae have two basal surfaces constituted by chain folds and several lateral surfaces.
Normally, anisotropic lamellae are randomly distributed in the bulk. Crystallizing from
melts, polymers normally form spherulites from micro- to milli-scale. In case of lamellar
twisting along the radial direction in spherulites, banding texture can be observed.
Experimentally, there are two major orientation types of lamellae [81]. When the
lamellae are perpendicular or parallel to the substrate, they are called edge-on or plat-on
lamellae, respectively. When the dimension is confined at the nano-scale which is
comparable to lamellae thickness, flat-on lamellae are preferred. As the polymer
thickness increases, the edge-on type is more dominant.
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1.5 Conclusions
In summary, synthetic polymer systems have been developed for both nerve and bone
regeneration. To promote cell functions, polymers with controllable mechanical
properties, surface energy, and topography have been fabricated. These synthetic
biomaterials show potential to be used for tissue engineering. However, the development
of more advanced materials with more powerful functions is still our expectation.
Polymers can form self-assembled structures including honeycomb patterns, banded
spherulites, and flat-on and edge-on lamellae. To better understand the effect of these
special topographies on cell functions, more studies are to be performed, which is also the
focus of this thesis.
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CHAPTER II
BIODEGRADABLE COMB-DENDRITIC TRI-BLOCK
COPOLYMERS CONSISTING OF POLY(ETHYLENE GLYCOL)
AND POLY(L-LACTIDE) OR POLY(ε-CAPROLACTONE) AND
PRE-OSTEOBLASTIC CELLULAR RESPONSE TO THE
SPHERULITIC SURFACES

2.1 Introduction
Aliphatic polyesters such as poly(ε-caprolactone) (PCL) and poly(L-lactide)
(PLLA) are widely used in tissue-engineering and pharmaceutical applications for their
excellent biodegradability and biocompatibility.[1-3] Because PCL and PLLA have poor
hydrophilicity, cell affinity is low on them.[4] PLLA can also create local acidity because
of the hydrolysis of PLLA chains. Therefore, hydrophilic components have been
incorporated into PCL or PLLA. For example, copolymers of PCL or PLLA with PEG
have been developed to modulate the physicochemical properties of these aliphatic
polyesters because PEG has excellent hydrophilicity, biocompatibility, and nonimmunogenicity.[5] These copolymers include linear di- and tri-block copolymers such
as PEG-b-PCL, PCL-b-PEG-b-PCL, PEG-b-PLLA, and PLLA-b-PEG-b-PLLA, and also
copolymers with branched architectures such as dendrimers,[6,7] graft polymers,[8,9]
and star polymers.[10] These amphiphilic polymers can self-assemble into nanometer or
micron-scale micelles used for drug delivery.[11-13] Among these branched architectures,
dendrimers have attracted much attention because they represent a unique class of
macromolecules.[14] The size of nanoparticles based on dendrimers can be adjusted in a
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larger range than their linear counterparts to host both hydrophobic and hydrophilic
drugs.[15-17]
The demand for dendrimers needs approaches with convenience and efficiency to
synthesize such advanced architectures. The typical methods to synthesize dendrimers
include convergent growth and divergent growth.[14] In the convergent route, the first
step is the synthesis of wedges with desired generations containing a large amount of
terminal groups. The second step is the coupling reaction of the wedges with a core to
afford the dendritic architecture. In the divergent route, the dendrimer grows radially
from a central moiety outward by addition of branched reagent generation by generation.
The number of functional end groups increases with the number of generations.
Compared with the divergent route, the convergent method has disadvantages such as
steric hindrance of the wedges that limits the generation growth.
The synthesis of comb-dendritic tri-block copolymers consisting of PLLA and
PEG was reported by the corresponding author of this report and his co-workers using the
convergent method and used to regulate HEK-293T cell behavior.[18] HEK-239T cell
proliferation was significantly higher on the copolymers with longer PLLA arms because
of their porous structures, higher stiffness, and higher protein adsorption.[18] The
synthesis and self-assembly of amphiphilic dendrimer consisting of poly(L-lysine) and
PLLA dendron-like PCL-b-PEG-b-PCL tri-block copolymers using the convergent
method were also reported.[15,19,20] Recently, acetonide(or acetal)-protected anhydride
derivative of 2,2-bis(hydroxymethyl)propionic acid was used to prepared the branched
architecture.[14,21-23]

Fast and convenient divergent synthesis of PEG dendrimers

without PCL or PLLA blocks using this acetonide-protected anhydride was reported.[14]
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Here we present a more convenient divergent synthetic route of two series of welldefined comb-dendritic tri-block copolymers, which contained a linear PEG central block
and comb-shaped arms of PCL (CoPCL) or PLLA (CoPLLA). The copolymer
composition was modulated by controlling the feed ratio of ε-caprolactone or L-lactide to
the hydroxyl group in the dendritic PEG to form various lengths of PCL or PLLA arms.
After extensive structural characterizations, we studied the effect of the unique chemical
structures of comb-dendritic tri-block copolymers on their mechanical properties,
crystallization behavior, and hydrophilicity..
Besides observation of the surface morphology of the copolymers using
microscopic methods, their crystal structures near the top surface were characterized
using Grazing incidence X-ray diffraction (GIXRD). GIXRD studied on polyethylene
and isotactic polypropylene thin films showed that the crystallinity, the lattice constants
of the orthorhombic unit cell, and the crystallite size varied strongly along the sample
thickness and for samples annealed at different temperatures.[24-26] Specifically, the
polymer crystallinity was found to be higher in the bulk than on the top surface and the
lattice constants and crystallite size were larger for the sample annealed at a higher
temperature.[24-26] The GIXRD study on PLLA demonstrated that the crystallinity
increased with the annealing time at 70 °C and the crystalline organization in the top 500
nm of the surface was similar to that in the bulk.[27] To date, there are no GIXRD studies
on PCL. Here we present the crystallinity, crystallite size, and lattice constants of the
copolymers along the thickness from the top surface.
In a previous study, hepatocytes and 3T3 fibroblasts were cultured on PLLA films
with different crystallinities and it was found that hepatocytes formed spheroid faster
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while the proliferation of 3T3 fibroblasts was slower on the crystalline substrate
compared with the amorphous one.[27] The behavior of pre-osteoblastic MC3T3-E1 cells
on amorphous poly(D,L-lactic acid) (PDLLA) and PLLA spherulites was also reported
previously and the cells had significantly higher proliferation on amorphous PDLLA
films than on semi-crystalline PLLA.[28,29] Our research group also MC3T3-E1 cell
behavior on PCL spherulites crystallized at different crystallization temperatures and
found that the cells did not show clear alignment on both non-banded and banded
spherulites but the cell attachment and proliferation were better when the polymer was
crystallized at higher temperatures because of the rougher surfaces.[30] After we discuss
the synthesis, characterization, and physicochemical properties of the copolymers,
distinct MC3T3-E1 responses to the copolymers crystallized at various temperatures and
two different copolymer series are presented.

2.2 Experimental Section
2.2.1 Materials
All chemicals in this study were purchased from Sigma-Aldrich unless noted
otherwise. Dichloromethane was distilled with calcium hydride prior to use. Tin(II)2ethylhexanoate [Sn(Oct)2] was distilled under reduced pressure before use. εcaprolactone was dried over calcium hydride and distilled under reduced pressure. (3s)cis-3,6-Dimethyl-1,4-dioxane-2,5-dione was dried at high vacuum overnight. 2,2Bis(hydroxymethyl)-propionic acid (bis-MPA), 4-(dimethylamino)pyridine (DMAP),
2,2-dimethoxylpropane, N,N'-dicyclohexylcarbodiimide (DCC, Fluka), p-toluenesulfonic
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acid, Dowex®50WX2 hydrogen form, methanol, acetone, hexane, and diethyl ether
(Acros) were used as received.
2.2.2 Synthesis of Copolymers
Synthesis of Acetonide-2,2-bis(methoxy)propionic Anhydride (2): Acetonide-2,2bis(methoxy)propionic acid 1 was prepared according to the recipe reported previously
(Scheme 2.1). Acetonide-2,2-bis(methoxy)propionic acid 1 was prepared according to the
recipe reported previously (Scheme 2.1). 1 (30 g, 172.2 mmol) was stirred in 150 mL of
CH2Cl2. DCC (19.25 g, 93.65 mmol) was pre-dissolved in 15 mL of CH2Cl2 and added to
the mixture of 1 in CH2Cl2 dropwise. After the stirring was continued for 36 h, the
mixture was filtered and the filtrate was evaporated in rotary evaporation under reduced
pressure and then high vacuum to remove the solvent completely. Two hundred
milliliters of hexane was added to re-dissolve 2 and the solution was filtered again to
remove the DCC-urea which was insoluble in CH2Cl2. The filtrate was sealed and stored
at -20 °C for 24 h to obtain white solid of 2. The white solid of 2 was collected by
filtration and dried completely at room temperature under high vacuum to afford 2 as a
white crystal (21.02 g, 74%). 1H NMR (CDCl3): δ 1.22 (s, 6H, -CH3), 1.37 (s, 6H, -CH3),
1.43 (s, 6H, -CH3), 3.65 (d, 4H, J = 12.2 Hz, -CH2O), 4.18 (d, 4H, J = 12.1 Hz, -CH2O).

HO

O

PTSA/Acetone
OH

O

O

O

HO

DCC/CH2Cl2

O

O

O

O

O

OH

O

O

O
O

[1]

[2]

Scheme 2.1 Synthesis of acetonide-2,2-bis(methoxy)propionic anhydride 2
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Synthesis of the First Generation Acetonide-protected Dendrimer: Acetonide[G#1] (3) and General Esterification Procedure by Anhydride Coupling (Scheme 2.2).
PEG (20.00 g, 1.38 mmol), Acetonide-2,2-bis(methoxy)propionic anhydride (2) (4.0 g,
12.1 mmol) (4.4 equiv./OH-group) and DMAP (1.04 g, 8.47 mmol) (3.0 equiv./OH-group)
were dissolved in 50 mL of CH2Cl2. The reaction mixture was stirred at room
temperature for 12 h. After completion, excess anhydride was removed by adding 15 mL
CH3OH to the solution, which was stirred for another 12 h. The solution was evaporated
under reduced pressure, precipitated in cold diethyl ether (0 °C) and dried completely in
vacuum to afford 3 as white crystals (19.15 g, 93%).
Synthesis of the First Generation Hydroxyl-Terminated Dendrimer: [G#1]-(OH)4
(4) and General Procedure for the deprotection of hydroxyl groups. DOWEX50W-X2 (5
g) was added to the solution of acetonide-[G#1] 3 (19.15 g, 1.29 mmol) in 400 mL
solvent mixture of methanol and dichloromethane (3:1, v/v). The solution was stirred at
room temperature and monitored by 1H NMR until the disappearance of surface groups (CH3) at 1.33-1.42 ppm. When the reaction was complete, the DOWEX50W-X2 was
filtered and the solution was evaporated under reduced pressure prior to precipitation in
diethyl ether. Finally the product was dried completely in high vacuum to afford 4 as
white crystals (18.45 g, 96%).
Acetonide-[G#2] (5): [G#1]-(OH)4 4 (15.00 g, 1.01 mmol), DMAP (1.48 g, 12.05
mmol), and 2 (5.8 g, 17.5 mmol) were dissolved in 50 mL CH2Cl2 and reacted following
the general esterification procedure to afford 5 as white crystals (14.48 g, 92%).
[G#2]-(OH)8 (6): Acetonide-[G#2] (13.00 g, 0.838 mmol) and DOWEX50W-X2
(5 g) were added to 400 mL solvent mixture of methanol and dichloromethane (3:1, v/v)
23

and reacted according to the general procedure for the deprotection of hydroxyl groups to
afford 7 as white crystals (12.36 g, 96%).
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Scheme 2.2 Divergent synthesis of four-generation dendron 10 and copolymers by ROP.
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Acetonide-[G#3] (7): [G#2]-(OH)8 6 (12.36 g, 0.81 mmol), DMAP (2.39 g, 19.44
mmol), and 2 (9.45 g, 28.51 mmol) were dissolved in 50 mL CH2Cl2 and reacted
following the general esterification procedure to give 7 as white crystals (12.34 g, 91%).
[G#3]-(OH)16 (8): Acetonide-[G#3] (12.34 g, 0.74 mmol) and DOWEX50W-X2
(5 g) were added to 400 mL solvent mixture of methanol and dichloromethane (3:1, v/v)
and reacted according to the general deprotection procedure to give 8 as white crystals
(11.66 g, 96%).
Acetonide-[G#4] (9): [G#3]-(OH)16 8 (11.50 g, 0.70 mmol), DMAP (4.10 g, 33.35
mmol), and 2 (16.33 g, 42.27 mmol) were dissolved in 50 mL CH2Cl2 and reacted
following the general esterification procedure to afford 9 as white crystals (11.93g, 89%).
1

H NMR (CDCl3): δ 1.19 (s, 48H, -CH3), 1.32-1.35 (m, 42H, -CH3), 1.38 (s, 48H, -CH3),

1.43 (s, 48H, -CH3), 3.65 (m, -CH2CH2O-), 3.69 (d, 32H, -CH2O), 4.21 (d, 32H, -CH2O),
4.23-4.38 (m, 56H, -CH2O).
[G#4]-(OH)32 (10): Acetonide-[G#4] (11.93 g, 0.62 mmol) and DOWEX50W-X2
(5 g) were added to 400 mL solvent mixture of methanol and dichloromethane (3:1, v/v)
and reacted according to the general deprotection procedure to give PEG Dendron 10 as
white crystals (10.81 g, 94%). 1H NMR (CDCl3): δ 1.08 (s, 48H, -CH3), 1.24-1.30 (m,
42H, -CH3), 2.10 (s, 32H, -OH), 3.64 (m, -CH2CH2O-), 3.67 (d, 32H, -CH2O), 4.19 (d,
32H, -CH2O), 4.20-4.37 (m, 56H, -CH2O).
General procedure for the synthesis of dumbbell-shaped tri-block copolymers:
Copolymers were synthesized through ring-opening polymerization (ROP) of (3s)-cis3,6-dimethyl-1,4-dioxane-2,5-dione or ε-caprolactone initiated by 10. As shown in Table
1, the copolymers are named as CoPCLm or CoPLLAm where m denotes the molecular
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weight of the PCL or PLLA arm. Here the general synthesis procedure for copolymers is
exemplified with the synthesis of CoPLLA28500. (3s)-cis-3,6-Dimethyl-1,4-dioxane-2,5dione (14.79 g, 0.10 mol), 10 (0.3 g, 16.18 μmol), and Sn(Oct)2 (75 μL, 0.0005 mass
equiv./monomer) were added to a three-neck flask which was dried completely at 100 °C
for 2 h before use. The flask was degassed under high vacuum for 3 h, purged with dry
nitrogen and vacuumized for five times and finally filled with dry nitrogen. The mixture
was heated to 130 °C and stayed at this temperature for 24 h. Thirty milliliters of CH2Cl2
was added to the flask at room temperature to dissolve the polymer and the solution was
precipitated in cold diethyl ether (0 °C) and the precipitate was dried at high vacuum to
afford CoPLLA28500 as a white crystal (13.45 g, 89%).

Table 2.1 Compositions and molecular weights of PEG dendron 10 and copolymers
samples
PEG
PEG dendron
CoPCL1150
CoPCL4500
CoPCL17200
CoPCL28500
CoPLLA1150
CoPLLA4500
CoPLLA17200
CoPLLA28500

PEG in
copolymer
(wt %)
30
10
2.8
1.7
30
10
2.8
1.7

Mn a

52,900
158,600
566,300
927,300
52,900
158,600
566,300
927,300

Mn b

Mn c

Mwc

Mw/Mnc

50,700
155,400
527,400
860,500
52,000
156,900
534,600
881,600

14,500
15,900
37,900
69,900
273,300
431,000
32,700
87,300
292,100
485,000

15,100
16,500
39,700
81,800
336,100
516,500
35,900
104,700
393,500
583,400

1.04
1.04
1.05
1.17
1.23
1.20
1.10
1.20
1.35
1.20

a

: calculated from feed ratio; b: calculated from H-NMR spectrum; c: obtained from GPC.
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2.2.3 Characterizations
1

H NMR spectra were obtained from a Varian Mercury 300 spectrometer with

CDCl3 containing tetramethylsilane (TMS) as solvent. All chemical shifts were relative to
TMS. Fourier-transform Infrared (FTIR) spectra were recorded on a Perkin Elmer
Spectrum Spotlight 300 spectrometer with diamond Attenuated Total Reflectance.
Molecular weights, molecular weight distribution, and elution time curves were detected
using EcoSEC Gel Permeation Chromatography (GPC) system (Tosoh Bioscience LLC,
Montgomeryville, PA) combined with a RI-8320 detector (Tosoh Bioscience LLC), in
which linear monodisperse polystyrene (PS) standards were employed to measure
molecular weights. Differential Scanning Calorimetrical (DSC) measurements were
carried on a Perkin Elmer Diamond differential scanning calorimeter in a N2 atmosphere.
For copolymers with PCL arms, the samples were first heated from 25 to 100 °C at a
heating rate of 10 °C/min, then cooled to -80 °C at a cooling rate of 10 °C/min, and
heated to 100 °C again at 10 °C/min. For copolymers with PLLA arms, the samples were
heated from 25 to 185 °C at a heating rate of 10 °C/min, followed by cooling to -80 °C at
10 °C/min, and heating to 185 °C at 10 °C/min. The tensile properties of the copolymer
samples were determined on a dynamic mechanical analyzer (DMTA-5, Rheometric
Scientific) at 37 °C. In brief, copolymer strips (~25 × ~1.4 × ~0.4 mm, length × width ×
thickness) were pulled at a strain rate of 0.0002 s-1. Five specimens were measured and
tensile modulus was calculated from the initial slope of the stress-strain curve. The
isothermal crystallization of the copolymers was conducted using a Mettler Toledo
FP82HT hot stage combined with a FP90 Central Processor. The crystalline
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morphologies of the copolymers were observed with a polarized optical microscope
(POM; Nikon Eclipse, E600, Japan) and the spherulite growth rate was calculated based
on the images. The samples were prepared by spin-coating copolymer solution in
dichloromethane (20 mg/mL) on clean glass slides at room temperature at a spinning rate
of 1000 rpm for 1 min and further dried by placing samples at room temperature until
complete evaporation of the solvent. Atomic force microscopic (AFM) scanning of
copolymers was performed on a Nanoscope V control system (Veeco Instruments, Santa
Barbara, CA) and the root mean square (rms) roughness (Rrms) was measured from the
AFM height images. The water contact angles on the copolymer samples were
determined using a Ramé-Hart NRC C.A. goniometer (Model 100-00-230, Mountain
Lakes, NJ) at room temperature. Twenty microliters of distilled water (pH = 7.0) was
injected onto the sample surface and images were taken using a 3.0 megapixel camera
(Moticam 2300, Motic Inc.) when the water droplet was stable.
2.2.4 Synchrotron-Sourced Grazing-Incidence X-ray Diffraction (GIXRD)
Copolymer films with thickness of >500 μm were prepared by spin-coating
copolymer solutions with a concentration of 0.07 g/mL at 1000 rpm on glass slides,
followed by complete drying in high vacuum. CoPCL films were annealed at 37 °C
overnight. CoPLLA polymer films were melted completely at 200 °C, quenched in ice
water, and annealed at 70 °C thoroughly. The crystalline structure near the film surface
was investigated by GIXRD (beamline X6B, National Synchrotron Light Source,
Brookhaven National Laboratory). The beam size in this study was 0.3 mm (vertical) ×
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0.3 mm (horizontal) and the wavelength λ of the incident X-ray was 0.068889 nm. The
diffraction pattern was collected using a CCD detector (Princeton Instruments).
2.2.5 Cell Studies
Mouse MC3T3-E1 cells (ATCC, Manassas, VA) were cultured as previously
reported.[30-32] Prior to cell culture, copolymer samples were immersed in 70% alcohol
solution for 1 h and then rinsed in another clean 70% alcohol solution twice to clean and
sterilize samples, followed by complete drying in high vacuum. MC3T3-E1 cells were
seeded on copolymer samples at a density of ~13,000 cells/cm2 and cultured in αMinimum Essential Media (α-MEM; Gibco, Grand Island, NY) which contains 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco) for 4 h, 1, 2, and 4
days in a cell incubator at 37 °C with 95% humidity and 5% CO2. At each time point, the
cell number was counted by MTS assay. After the culture medium was removed, the cells
were washed with PBS twice to remove dead cells. The attached cells were fixed with 4%
paraformaldehyde (PFA) solution for 20 min, rinsed with PBS twice and permeabilized
with 0.2% Triton X-100 solution, followed by staining with rhodamine-phalloidin for 1 h
at 37 °C and then directly staining with 4',6-diamidino-2-phenylindole (DAPI) at room
temperature. The stained cells were photographed using an Axiovert 25 Zeiss light
microscope (Carl Zeiss, Germany). Cell area was quantified from 10 fluorescent images
of the cells at day 1 using ImageJ software (National Institutes of Health, Bethesda, MD).
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2.2.6 Statistical Analysis
Cell studies were conducted in quadruplicates for each group at each cell culture
time point. All values were expressed as mean ± standard deviation. The statistical
significance (p < 0.05 or 0.01) in the differences between groups was determined using
the student’s t-test.

2.3 Results and Discussion
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Figure 2.1 1H NMR spectra of (a) PEG-dendron and (b) PEG-G4-(OH)32
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The 1H NMR spectra of 9, 10, and the copolymers and the assignments of the
chemical shifts are shown in Figure 2.1a,b. The major signals (a, δ = 1.38 and 1.43 ppm)
corresponding to 9 are the resonances from the methyl groups,[18] from which the ratio
of integral area for the hydrogen atoms between PEG and a was calculated to be 13.31.
This ratio was close to the theoretical ratio of 13.77. After deprotection of 9, the signals
from the methyl groups disappeared and the new resonance (δ = 2.10 ppm) attributed to
the replaced hydroxyl groups. Simultaneously the chemical signals shifted towards lower
values.
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Figure 2.2 1H NMR spectra of (a) CoPCL series and (b) CoPLLA series.
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1

When 10 was copolymerized with ε-caprolactone or (3s)-cis-3,6-dimethyl-1,4dioxane-2,5-dione (Figure 2.2a,b), the resonance of the hydroxyl groups completely
disappeared, indicating that the hydroxyl groups initiated polymerization efficiently. The
resonance signals d-g and h-i are attributed to the arms of PCL and PLLA,
respectively.[33,34] Because PCL or PLLA arms in CoPLLA1150 and CoPCL1150
accounted for a small proportion, the resonances from the dendron structure still
prominently existed in their 1H NMR spectra. At higher feed ratios of the monomer to the
hydroxyl group, the resonances for the dendron structure and the PEG center block were
less detectable while those for the PCL or PLLA arms were more prominent.

PEG-(OH)32

Transmittance (%)

CoPCL1150
CoPCL4500
CoPCL17200
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PCL
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Figure 2.3 FTIR spectra of PEG Dendron 10, CoPCL series, and CoPLLA series.
The FTIR spectra of PEG dendron 10 and the copolymers are shown in Figure 2.3.
The broad absorption at 3350–3605 cm-1 was ascribed to the hydroxyl group in 10. In
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comparison with the FTIR spectra of 10, the absorption band for the hydroxyl group
disappeared in the copolymers because of the conversion of the hydroxyl groups to ester
bonds after the copolymerization. The absorption bands at 2965, 1740, and 1191 cm-1
were assigned to the –CH2, –C=O, and C-O-C vibration in CoPCL, respectively. In
CoPLLA, the absorption bands at 1760 and 1180-1190 cm-1 were ascribed to the –C=O
and C-O-C vibration, respectively. The absorption bands at 1378-1389 and 1455-1460
cm-1 suggested the presence of -CH(CH3).
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Figure 2.4 (a) GPC traces of PEG, PEG Dendron 10, CoPCL series, and CoPLLA series
and (b) MWs as functions of the molar ratio of monomers to the hydroxyl groups in PEG
Dendron 10.
The information about the molecular weights and molecular weight distribution in
Table 1 was obtained using three methods, GPC, 1H NMR, and the theoretical prediction.
The molecular weights calculated from 1H NMR were obtained by comparing the signal
integral area of the methyl protons between PLLA (δ = 5.18 ppm) or PCL (δ = 4.06 ppm)
and the PEG block (δ = 3.64 ppm). The theoretical values were calculated using the feed
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ratio of the monomer to the hydroxyl group with assumption that all the terminal
hydroxyl groups initiated the monomers in ROP. The average molecular weight of the
PLLA or PCL arms was calculated from the 1H NMR molecular weight of the copolymer
using the equation of (Mn(PCL/PLLA arm) = (Mn(1H NMR)-Mn(10))/32). GPC with the
linear monodisperse PS standards was difficult to detect the precise molecular weights of
the copolymers with high branched chemical structures. Because in principle polymers
with a star structure have smaller hydrodynamic volume than the linear PS with the same
molecular weight, the GPC data are lower than the values calculated from 1H NMR and
the theoretical prediction. There also existed a discrepancy in the molecular weights
calculated by 1H NMR spectra and the theoretical prediction caused by the monomer
conversion in ROP, which could be understood from the yield in synthesis. As shown in
the elution time curves of the copolymers in Figure 2.4a, the elution curve occurred at
earlier time with the increase of molecular weight and all the curves were symmetrical to
suggest the high purity of the copolymers. The linear relationship between the molecular
weights determined using the three methods and the molar ratio of monomers to hydroxyl
groups in ROP reaction, [LA]/[OH] or [CL]/[OH], was shown in Figure 2.4b.
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Table 2.2 Thermal properties of PEG, PEG Dendron 10, CoPCL series, and CoPLLA
series
samples
PEG
PEG dendron
CoPCL1150
CoPCL4500
CoPCL17200
CoPCL28500
CoPLLA1150
CoPLLA4500
CoPLLA17200
CoPLLA28500

Tg (°C)
-------39.2
56.1
56.7

Tm (°C)
63.1
52.8
43.7
51.5
53.3
53.7
72.1
150.3
165.1
168.3

ΔHm (J/g)
160.1
105.6
66.8
67.2
73.2
73.0
1.1
34.5
36.9
40.2

χc (%)
81.4
53.7
49.5
49.8
54.2
54.1
1.1
36.9
39.5
43.0

The thermal properties of the copolymers were characterized using DSC, as
shown in Figure 2.5 and Table 2.2. From the melting peak in the second heating run, the
melting temperature (Tm) was determined. After being coupled with acetonide-2,2bis(methoxy)propionic anhydride, PEG dendron 10 has a much lower Tm than pure PEG.
With the increase of the arm molecular weight, the copolymer with a higher molecular
weight has a higher Tm. Double melting peaks were previously found in linear PCL-bPEG-b-PCL tri-block copolymers because of the co-existence of the crystalline phases of
both PEG and PCL.[35,36] In this study, all the copolymers had a single melting peak
possibly because the two blocks could not crystallize at the same time. The PCL or PLLA
dominated the crystallization for all these copolymers except those two with the lowest
arm molecular weight, i.e., CoPCL1150 and CoPLLA1150. For CoPCL1150, the PEG
center block dominated its crystallization, as further demonstrated in the later discussion.
The DSC curve for CoPLLA1150 indicated that it was amorphous. Meanwhile, the glass
transition temperature (Tg) and cold crystallization exothermal peaks appeared in the
heating run for CoPLLA4500, CoPLLA17200, and CoPLLA28500. When the
36

temperature was between Tg and Tm, chain motion could be activated and polymer chains
were re-arranged for packing crystallizable chain segments in the copolymers. For
CoPLLA1150, no cold crystallization was observed because a high proportion of PEG in
CoPLLA1150 confined the crystallization. Pure PLLA has a high Tg of ~65 °C. When the
PLLA composition in the copolymers increased, the chain movement of the copolymers
controlled by the PLLA arms decreased and needed a higher temperature to facilitate.
Thus the Tg was higher for the copolymer with a higher molecular weight. χc was
calculated by dividing the heat of fusion ΔHm measured using DSC by the value for
100% crystalline polymer, ΔHm0. The ΔHm0 values for PLLA, PCL, and PEG are 93.6,
135, and 196.8 J/g, respectively. PEG dendron 10 had a much lower χc than pure PEG.
The χc of CoPCL increased from CoPCL1150 to CoPCL17200 but decreased slightly
when the molecular weight increased further to CoPCL28500. Thus the χc of CoPCL
showed a maximum rather than monotonic increase against the molecular weight at the
same Tc.[37] χc increased with Mn when it was less than 10000 g/mol and decreased with
Mn ranging from 44700 to 64700 g/mol. The reason is that the higher chain entanglement
at a higher molecular weight reduces chain mobility and reorganization in crystallization.
For CoPLLA, χc increased monotonically with increasing the molecular weight, as listed
in Table 2. CoPLLA1150 crystallization was strongly confined by the dominant PEG
center block and had an extremely low χc.
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Figure 2.5 DSC curves of (a) PEG, PEG Dendron 10, CoPCL series, and (b) CoPLLA
series.
The representative tensile stress-strain curves of the copolymers at 37 °C are
shown in Figure 2.6. Because PLLA with a high Tg was glassy in the measurements
while a higher molecular weight results in a higher χc, CoPLLA4500, CoPLLA17200,
and CoPLLA28500 were brittle and higher tensile strength and break strain were found
when the molecular weight was higher. In contrast, CoPLLA1150 displayed elastomeric
properties with a high strain up to 150%. The tensile modulus for CoPLLA series was
determined to be 10.5 ± 1.3, 290.9 ± 24.2, 810.1 ± 31.2, and 920.8 ± 39.8 MPa for
CoPLLA1150, CoPLLA4500, CoPLLA17200, and CoPLLA28500, respectively. In a
typical tensile test for PCL, the stress-strain curve includes stretching region, necking
region in which PCL crystalline domains are strongly aligned, and break region.
CoPCL28500 and CoPCL17200 had a prominent necking region because they had high
χc ensuring the alignment of the crystalline domains. In contrast, CoPCL4500 and

CoPCL1150 did not show necking region and were brittle. With the increase of molecular
weight, tensile strength was enhanced and strain became larger. The tensile modulus for
CoPCL series was measured to be 5.4 ± 0.9, 19.1 ± 6.6, 87.7 ± 17.6, 210.9 ± 16.2 MPa
for CoPCL1150, CoPCL4500, CoPCL17200, and CoPCL28500, respectively. Compared
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with the CoPLLA with the same molecular weight, CoPCL had a much higher strain
value but a lower tensile modulus, because of a much higher Tg for PLLA.
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Figure 2.6 Representative stress-strain curves of (a) CoPCL series and (b) CoPLLA series.
Insets: tensile modulus of copolymers.
The hydrophilicity of the copolymer flat films was demonstrated using the water
contact angles, as shown in Figure 2.7. With the increase of PEG component, the water
contact angles decreased sharply. The water contact angles of CoPLLA series were
smaller than those of CoPCL series when the PEG compositions were the same. Water
contact angles can be affected by two major factors, which are surface chemistry and
topography.[38-40] To achieve high hydrophilicity from chemical modification, chemical
groups, such as –OH, -COOH, -SO3H, and -O-, can be incorporated in materials.[41,42]
In contrast, fluorinated polymers induce high hydrophobicity because of their low surface
evergies.[43] However, chemical modification is not necessary to achieve either good
hydrophilicity or good hydrophobicity. Polymer wettability can be altered effectively by
roughening the polymer surface.[43] In case of rough surface without formation of air
pockets which are air bubble between water droplets and sample surface, Wenzel
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demonstrated that the polymers with contact angle of below 90° could become more
hydrophilic with the increase of roughness, while hydrophobicity of polymers with
contact angle more than 90° could be enhanced by roughness. In case of formation of air
pockets on rough surface, Cassie and Baxter suggested that the wettability of polymers
depended on the specific topographic features.[38]
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Figure 2.7 Photographs of water droplets on (a) CoPCL series and (b) CoPLLA series.
Insets: water contact angles.
In our study, all the films are prepared with flat surface. Consequently, the
resolution of water contact angles should be attributed to the chemical components rather
than geometric surface structure. PEG has good hydrophilicity because it contains high
density of ether bonds.[38] With the increase of PEG component in copolymers, the
hydrophilicity could be enhanced. Yuan et al. studied the hydrophilicity of linear PCL
and its copolymer with PEG and demonstrated that the hydrophilicity was dramatically
strengthened with the incorporation of PEG consistent with our present result.[39]
Polymers normally form spherical crystals called spherulites when they crystallize
from melts without disturbance at isothermal temperature.[44] The spherulite diameter
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can range from micro-scale to millimeter-scale, depending on the crystallization
parameters, such as crystallization temperature, and the nucleating agent. Spherulites are
comprised of layer-shape lamellae. In the center of spherulites, the lamellae are stacked
in parallel. From the center to the edge, the lamellae display apart and branched
distribution owing to the repulsion of amorphous component between lamellae. The
spherulitic growth rate defined as the diameter growth length per unit time was
demonstrated to be constant even though the lamellar growth rate for some lamellae
initially can grow forward faster than the average spherulitic growth rate. Figure 2.8a,b
shows the Tc dependence of spherulitic growth rate. For CoPCL4500, CoPCL17200, and
CoPCL28500, the growth rate increased dramatically with the decrease of Tc because
lower isothermal temperature caused rapid formation of nucleation and the stability of
segment packing. At the same Tc, CoPCL17200 had the highest growth rate than both
CoPCL4500 and CoPCL28500. PEG block in CoPCL4500 might limit the stacking of
PCL lamellae and impeded the growth rate of spherulites. For CoPCL28500, the PCL
block had a higher molecular weight than CoPCL17200 and slower the chain packing
process compared with CoPCL17200. For CoPLLA4500, CoPLLA17200, and
CoPLLA28500, CoPLLA17200 had the largest growth rate and CoPLLA4500 had the
lowest growth rate at the same Tc for the same reason as CoPCL series. We found that
growth rate for CoPLLA4500, CoPLLA17200, and CoPLLA28500 displayed parabolic
dependence on Tc. The maximum growth rate could be obtained when Tc located at the
critical region ranging from 125 to 130 °C. When Tc was lower and closer to Tg of ~65
°C, chain packing was more difficult and the growth of spherulites was inhibited. In case
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that Tc was higher than the critical temperature, chain arrangement would be more
difficult and limit the growth rate.[45,46].
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Figure 2.8 (a) Tc dependence of spherulte growth rate for CoPCL series, (b) Tc
dependence of spherulte growth rate for CoPLLA series.
The crystalline morphologies of CoPCL series and CoPLLA series crystallized at
various Tc were observed by polarized optical micrographs as demonstrated in Figure
2.9a,b. For CoPCL4500, CoPCL17200, and CoPCL28500, typical crystalline spherulites
were observed at Tc ranging from 35 to 50 °C. Polymers can also form banded spherulites
at certain conditions as the result of periodic twisting of the radial crystallite ribbons
growing from spherulite center.[44] For linear PCL-b-PEG-b-PCL tri-block copolymers,
it was reported that when the composition of PCL was higher than 60 wt%, banded
spherulites of PCL were formed at Tc of 45 °C.[35] However, CoPCL4500, CoPCL17200,
and CoPCL28500 did not form clear banded structure at Tc of both 45 and 50 °C. For
CoPCL1150 in which the composition of PEG was much higher than other copolymers,
the PCL spherulites were generated firstly and slowly grew with isothermal time. Then
PEG formed nucleation and grew rapidly to form the large outer portion of spherulites.
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Eventually the huge PEG spherulites were decorated with small PCL spherulites as
shown by arrows in Figure 2.9a. This phenomenon was also confirmed by other
reports.[47] From the POM images, we found that the spherulite size of CoPCL4500 was
larger than CoPCL28500 and CoPCL17200 at the identical Tc. As demonstrated in DSC
results, CoPCL17200 has higher Tm than CoPCL4500 but lower than CoPCL28500.
Since the Tc was the same, the Tm of CoPCL4500 was closer to Tc than that of
CoPCL17200

and

CoPCL28500.

Therefore,

nucleation

of

CoPCL17200

and

CoPCL28500 was easier than CoPCL4500 and this would lead to larger spherulites of
CoPCL4500. For CoPLLA series, the spherulite morphologies could be influenced by the
molecular MW and Tc. CoPLLA28500 formed huge non-banded spherulites with
prominent cracks at Tc of 145 °C, irregular banded spherulites at Tc of 130 °C, and nonbanded spherulites at Tc of both 120 and 110 °C. CoPLLA17200 formed similar
spherulites with cracks at Tc of 145 °C, non-banded spherulites with few cracks at Tc of
130 °C, clear banded spherulites at Tc of 120 °C, and non-banded spherulites at Tc of 110
°C. CoPLLA4500 formed large banded spherulites with cracks at Tc of 130 °C, non-

banded spherulites with many cracks at Tc of 120 °C, and non-banded spherulites at Tc of
110 °C. Rhythmic growth and thermal shrinkage were considered as the main factors
causing the formation of PLLA periodic cracks.[48] Circumferential cracks normally are
formed in non-banded spherulites of PLLA in the cooling process and the crack spacing
decreases with the increase of spherulite radius, which are consistent with our present
results. PLLA with low molecular weight was demonstrated to form banded spherulites
with both circumferential cracks and radial cracks. CoPLLA17200 crystallized at 120 °C
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formed banded spherulites without cracks. On contrary, CoPLLA4500 with lower
molecular weight formed prominent banded structure with only circumferential cracks
rather than both circumferential and radial cracks. PLLA with higher MW preferred to
form banded spherulites and was difficult to form cracks on spherulites when Tc was
between 120 and 140 °C.[48] It was also confirmed that PLLA with a lower molecular
weight could also generate cracks at lower temperature, which is consistent with our
results. The composition dependence of di-block copolymers (PLLA-b-PEG) was
studied.[49] The findings suggested that when the molecular weight of PLLA was similar
to that of PEG, copolymers tended to generate ring-banded spherulites. For example,
PEG5000-PLLA6300 in their study formed regular ring-banded spherulites at Tc of 110
°C. However, only CoPLLA17200, in which the molecular weight of PLLA block was

nearly 32 times as much as that of the PEG block, formed banded spherulites at 120 °C.
This illustrated that the crystallization behavior of comb-dendritic tri-block copolymer
was different from that of linear copolymers.
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Figure 2.9 (a) POM images of CoPCL series, and (b) POM images of CoPLLA series.
AFM images in Figure 2.10 were used to take further insight into the details of
spherulites. Even the scan area applied to this experiment was 100 μm × 100 μm, the
scan region for all the samples was almost on a single spherulite. For CoPCL17200 and
CoPLLA17200, the surface became rougher with the increase of Tc because higher
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temperature induced spherulites with larger scale size. The Rrms values of CoPCL17200
crystallized at 35, 40, and 45 °C were 93.5 ± 5.9, 136.7 ± 9.6, and 162.9 ± 12.3 nm,
respectively. The Rrms values of CoPLLA17200 crystallized at 110, 120, and 145 °C were
28.5 ± 2.3, 52.4 ± 2.5, and 223.2 ± 15.4 nm, respectively. When Tc was 50 °C,
CoPCL4500 was rougher than CoPCL17200 and CoPCL28500. The Rrms values of
CoPCL4500, CoPCL17200, and CoPCL28500 crystallized at 50 °C were 211.5 ± 14.9,
162.8 ± 10.1, and 178.3 ± 11.6, respectively. When the Tc was set up at 130 °C for
CoPLLA series, the surface morphology of CoPLLA28500 is similar to CoPLLA17200.
On the contrary, CoPLLA4500 had remarkable banded spherulites which confirmed the
POM images in Figure 2.11a and the depth profile demonstrated that the width and depth
were 41 ± 5 and 1.5 ± 0.3 μm, respectively. Their dimension is much larger than typical
banded spherulites [39] and needs further study. The Rrms values of CoPLLA4500,
CoPLLA17200, and CoPLLA28500 crystallized at 130 °C were 598.6 ± 13.6, 53.6 ± 1.9,
and 33.9 ± 4.1 nm, respectively. From the AFM image in Figure 2.11b, the banded
spherulites of CoPLLA17200 at Tc of 120 °C did not show perfect banded structure and
the depth profile indicated that the width and depth were 55 ± 10 and 215 ± 50 nm,
respectively. Polymers could form two kinds of lamellae which were flat-on lamellae and
edge-on lamellae.[50,51] When the thickness of polymer films increases, the content of
edge-on lamellae increases. In thick films, the growth of lamellae follow the same
orientation as the nuclei generated at the interface and edge-on lamellae are formed. In
thin films, the formation of edge-on lamellae is confined by the film thickness and flat-on
lamellae are preferentially formed. The surface energy of flat-on lamellae is 3-6 times
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higher than that of edge-on lamellae for the presence of folding surface. They also
suggested that banded spherulites consisted of both flat-on and edge-on lamellae. The
ridges in banded spherulites were mainly edge-on lamellae and flat-on lamellae were
mainly formed in valleys. Tapping mode AFM scanning can provide insight into the
lamellae structure. Because the thickness of all polymer films used for crystallization was
determined by AFM to be more than 10 μm. All AFM images demonstrated that edge-on
view was recognized in spherulites without banded structure. As shown in Figure 2.11a,
CoPLLA4500 crystallized at 130 °C presented edge-on view on ridges. On the contrary,
CoPLLA17200 crystallized at 120 °C shown in Figure 2.11b only had obvious edge-on
view on both ridges and valleys. The main reason causing this contradiction can be
attributed to the fact that CoPLLA17200 crystallized at 120 °C did not form perfect
banded structure with significant ridges and valleys.
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Figure 2.10 AFM height images of (a) CoPCL17200 crystallized at 35, 40, and 45°C, (b)
CoPCL4500, CoPCL17200, and CoPCL28500 crystallized at 50 oC, (c) CoPLLA17200
crystallized at 110, 120, and 145°C, and (d) CoPLLA4500, CoPLLA17200, and
CoPLLA28500 crystallized at 130 oC. Beneath each image is the corresponding depth
profile graph.
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Figure 2.11 AFM height images of (a) Cross-sectional profile of CoPLLA4500
crystallized at 130 °C, and (b) Cross-sectional profile of CoPLLA17200 crystallized at
120 °C.Beneath each image is the corresponding depth profile graph.
When the incident angle α of X-ray is equal to or smaller than the critical angle αc,
the surface can completely reflect the incident X-ray and the X-ray penetrates into the
polymers as evanescent waves. αc is a function of λ and polymer refractive index n. αc
can be calculated using the expression shown bellow,[24,25]
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λ2 re N 12
αc = (
)
(1)
π
where re is the classical electron radius of 2.82 × 10-13 cm and N is the electron density
per unit volume of the polymer. The αc values for CoPCL and CoPLLA in this study
were calculated to be 0.073o and 0.076o, respectively. The penetration depth, dp, defined
as the depth at which the incident X-ray intensity decreases to e-1 can be expressed with
the following equations.[25]
dp =

λ
4πn(α − α 2 )1 2
2
c

dc =

sin α

μ

( α < α c ) (2)

( α > α c ) (3)

where μ is a linear absorption coefficient. Using these two equations, α can be converted
into dp and then the X-ray pattern corresponding to specific depth can be obtained. The
X-ray patterns of CoPCL17200 and CoPLLA17200 films at various depths in Figure
2.12a,b show that the crystal structure was more ordered at a deeper layer. The X-ray
crystallinity was also measured by the method previously proposed. As shown in Figure
2.12c,d, at the same dp, the crystallinity trend was similar to DSC results. With increasing
dp, crystallinity increased asymptotically to a constant value.
The apparent crystallite size can also be calculated using the following
equation,[25]
D=

λ
(4)
β ⋅ cos θ

where D is the crystallite size, θ is a Brag angle, and β is a corrected integral width
obtained from the X-ray pattern. Figure 2.12e,f shows that higher molecular weight had
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bigger crystallite size in all plane when dp was the same and the crystallite size was also
increased with dp. The lattice constants a, b, and c of the orthorhombic unit cell as shown
in Figure 2.12g,h calculated from the in plane 2θ angles of the reflection peaks also
increased slightly with dp and molecular weight.
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Figure 2.12 GIXRD patterns, crystallinity, crystallite size and lattice constants a, b, c of
the orthorhombic unit cell along penetration depth of CoPCL (a, c, e, g) and CoPLLA (b,
d, f, h) series.
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The effects of molecular weight and crystallization temperature on MC3T3-E1
cell behavior were evaluated for both CoPCL and CoPLLA. As demonstrated in Figure
2.13a, the cell density on CoPCL17200 spherulites crystallized at various temperatures
was higher than that on flat films and increased with the increase of crystallization
temperature. Figure 2.13b shows that cells proliferated best on CoPCL4500 compared
with CoPCL1150, CoPCL17200, and CoPCL28500, while CoPCL1150 had the lowest.
Cell morphology on the polymers was also observed in fluorescent images in Figure
2.13c. The images clearly showed that cells on CoPCL17200 spherulites crystallized at
various temperatures had better spreading than those on CoPCL17200 flat film and the
cells did not display the distortion of both cell cytoplasm and cell nuclei. For CoPCL1150,
CoPCL4500, CoPCL17200, and CoPCL28500 films crystallized at 50 °C, cells had
poorer spreading on CoPCL1150 films than others. Cells on CoPCL4500 and
CoPCL17200 were prominently aligned along the radius direction of the spherulites.
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Figure 2.13 (a) Fluorescent images of cells stained with RP (red) and DAPI (blue) at days
1, 2, and 4 on CoPCL17200 flat films and spherulites crystallized at 35oC, 40 oC, and 45
o
C. (b) Fluorescent images of cells stained with RP (red) and DAPI (blue) at days 1, 2,
and 4 on CoPCL1150, CoPCL4500, CoPCL17200, and CoPCL28500 films crystallized
at 50 oC. (c) Fluorescent images combined with backgrounds of CoPCL17200 flat films
and spherulites crystallized at 35oC, 40 oC, and 45 oC at day 1 (top row) and CoPCL1150,
CoPCL4500, CoPCL17200, and CoPCL28500 spherulites crystallized at 50 oC at day 1
(bottom row) at magnification of × 10.
The MTS results of cell proliferation in Figure 2.14a,b on CoPCL further
confirmed the observation in fluorescent images. Cells on CoPCL17200 flat film had a
significantly lower cell area than those on CoPCL17200 spherulites crystallized at 35, 40,
and 45 °C and the cells on CoPCL1150 films had the smallest area compared with those
on CoPCL4500, CoPCL17200, and CoPCL28500 films when they were crystallized at 50
°C. Meanwhile, the shape factor of the cells on CoPCL4500 crystallized at 50 °C was
remarkably lower than those of other groups, indicating a strong cell orientation. Cell
alignment was quantified using the percentage of aligned cells in the total cells along the
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radial direction and cells were considered as aligned when the angle between the long
axis and the radial direction of the spherulites was less than 15°. Cells on more than 20
spherulites were counted and analyzed. The percentages of aligned cells along the radial
direction were calculated to be 16.5 ± 2% and 24.3 ± 3% for CoPCL17200 films
crystallized at 40 and 45 °C, respectively. The percentages of aligned cells along radius
direction were 54.6 ± 8%, 33.5 ± 5%, and 23.6 ± 2% for CoPCL4500, CoPCL17200, and
CoPCL28500 films crystallized at 50 °C, respectively.
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Figure 2.14 (a) Cell proliferation on CoPCL17200 flat films and spherulites crystallized
at 35oC, 40 oC, and 45 oC represented by the cell numbers at 4 h, days 1, 2, and 4. *, p <
0.05 relative to flat films. (b) Cell proliferation on CoPCL1150, CoPCL4500,
CoPCL17200, and CoPCL28500 films crystallized at 50 oC represented by the cell
numbers at 4 h, days 1, 2, and 4. *, p < 0.05; #, p < 0.01 relative to CoPCL1150; ^, p <
0.01 relative to CoPCL17200 and CoPCL28500.
Cell proliferation did not show significant difference among CoPLLA17200 flat
films and CoPLLA17200 spherulites crystallized at 110, 120, and 145 °C, as
demonstrated in Figure 2.15a. On CoPLLA1150, CoPLLA4500, CoPLLA17200, and
CoPLLA28500 films crystallized at 130 °C, cell density showed the trend in Figure 2.15b
similar to that on CoPCL polymers crystallized at 50 °C. Figure 2.15c shows the
fluorescent cell images with the substrate background. Cells on CoPLLA17200
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crystallized at 145 °C and CoPLLA4500 crystallized at 130 °C were strongly aligned and
those on CoPLLA17200 and CoPLLA28500 films crystallized at 130 °C were also
slightly aligned, along the radial direction. However, cells on the other samples did not
show clear alignment. Figure 2.15d shows cell distribution on large CoPLLA17200
spherulites crystallized at 145 °C and CoPLLA4500 spherulites crystallized at 130 °C.
Clearly, cells were aligned long the radial direction in an individual spherulite and the
direction of the long axis of cells was altered at the spherulite boundary. The cell
numbers determined using MTS (Figure 2.16a,b) further confirmed the results in the
images. Cell spread area did not show significant difference among different samples.
Cells on CoPLLA4500, CoPLLA17200, and CoPLLA28500 spherulites crystallized at
130 °C and CoPLLA17200 spherulites crystallized at 145 °C were significantly aligned
and those on CoPLLA4500 spherulites crystallized at 130 °C and CoPLLA17200
spherulites crystallized at 145 °C were aligned most prominently.
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Figure 2.15 (a) Fluorescent images of cells stained with RP (red) and DAPI (blue) at days
1, 2, and 4 on CoLLA17200 flat films and spherulites crystallized at 110oC, 120 oC, and
145 oC. (b) Fluorescent images of cells stained with RP (red) and DAPI (blue) at days 1,
2, and 4 on CoPLLA1150, CoPLLA4500, CoPLLA17200, and CoPLLA28500 films
crystallized at 130 oC. (c) Fluorescent images combined with backgrounds of
CoPLLA17200 flat film and spherulites crystallized at 110oC, 120 oC, and 145 oC at day
1 (top row) and CoPLLA1150, CoPLLA4500, CoPLLA17200, and CoPLLA28500
spherulites crystallized at 130 oC at day 1 (bottom row) at magnification of × 10. (d)
Fluorescent images of cells on CoPLLA17200 crystallized at 145 oC and CoPLLA4500
crystallized at 130 oC combined with spherulite backgrounds at magnification of × 20.
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Figure 2.16 (a) Cell proliferation on CoPLLA1150, CoPLLA4500, CoPLLA17200, and
CoPLLA28500 films crystallized at 130 oC represented by the cell numbers at 4 h, days 1,
2, and 4. *, p < 0.05; #, p < 0.01 relative to CoPLLA1150; ^, p < 0.05 relative to
CoPLLA17200 and CoPLLA28500. (b) Cell proliferation on CoPLLA17200 flat films
and spherulites crystallized at 110oC, 120 oC, and 145 oC represented by the cell numbers
at 4 h, days 1, 2, and 4. (c) Cell area on the films at day 1.
The fundamental understanding of cell-material interactions provides effective
guidance in developing biomedical devices. Both inter and intracellular signals are
involved in the response of cells to the underlying substratum. The interface generated
between cells and substratum called extra-cellular matrix plays a critical role in early
events of cell adhesion, which determines later events such as spreading, migration,
proliferation, and differentiation.[31,32] Surface characteristics including topography,
chemistry, and mechanics directly determine cell-material interactions and the tissueengineering applications of biomaterials.[52,53] In this study, the major factors to
influence MC3T3-E1 cell behavior were surface roughness, topography, and wettability.
Our recent study about the effect of PCL spherulites on MC3T3-E1 cells indicated that
higher roughness induced by higher Tc promoted cell attachment and proliferation as a
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rougher surface could adsorb more serum proteins.[30] This finding agreed with the
present result of cell attachment and proliferation on CoPCL17200 films crystallized at
different Tc. Hydrophilicity of biomaterials can regulate cell behavior but not in a
monotonic mode. Higher hydrophilicity prevents protein adsorption causing poorer cell
adhesion when the water contact angle is <~55o, while lower hydrophilicity with water
contact angle of >~55o may also inhibit cell adhesion.[30] Our previous study also
suggested that there was an optimal PEG composition (5%) at which cell attachment and
proliferation maximized.52 Incorporation of PEG into PCL or PLLA chains can modify
the hydrophilicity, as demonstrated by the contact angle results here. As the water contact
angles of CoPCL4500 and CoPLLA4500 were close to 55o and therefore cells on those
two samples had the best attachment and proliferation compared with others. CoPCL1150
or CoPLLA1150 had the highest hydrophilicity compared with other polymers and the
high density of sparsely distributed PEG chains on the surface might strongly limit the
protein adsorption, which in turn suppressed the cell attachment and spreading. Our
results of cell proliferation on CoPLLA17200 films crystallized at different Tc were also
roughly consistent with a previous finding that MC3T3-E1 cells on rougher PLLA
substratum had even lower cell density.[29,54]
However, MC3T3-E1 cell alignment along the radial direction on both CoPCL
and CoPLLA spherulites was not found in earlier studies.[27-30] Cells in general
strongly respond to substrate topographies, such as micro-scale grooves and ridges, via
the “contact guidance” effect.[31,32,55] The closest contact between cells and polymer
surface is focal adhesions (FAs) which possess normally rectangular shape with a length
of 1-5 μm.[32] The FAs tend to attach grooves or ridges in an oriented manner, especially
59

when the dimension of grooves or ridges is comparable to or smaller than that of
FAs.[32,56,57] Subsequently actin filament or stress fibers can be aligned following the
direction of aligned FAs. Cell response to grooves or ridges is cell-type dependent. Cell
alignment was reported to occur on grooves with widths and depths as small as 100 and
35 nm, respectively.[58] To obtain thorough understanding about cell alignment on PCL
or PLLA spherulites, we should explore the reason from the ridges formed by the
lamellae radiating from the spherulite centers or the grooves at the grain boundaries
between spherulites. Previous findings suggested that MC3T3-E1 cells were not aligned
on both PLLA spherulites with small ridges (~30 nm, height; ~2 μm, width) formed by
the lamellae radiating and the grooves at the grain boundaries between PLLA spherulites
(~100 nm, depth; ~2 μm, width).[28] Even though human articular chondrocytes showed
oriented morphology with a more isolated disposition on big PLLA spherulites (~50 μm,
diameter; ~1 μm, depth) crystallized at 120 °C, the cells were not preferentially aligned
along the radial direction.[59] The alignment of MC3T3-E1 cells on PCL spherulites
crystallized at 25 °C was not observed either.[30] However, our AFM depth profile
results in Figure 2.10 demonstrated that CoPCL4500 spherulites crystallized at 50 °C,
CoPLLA17200 spherulites crystallized at 145 °C,

and CoPLLA4500 spherulites

crystallized at 130 °C had much larger depth and width for small ridges, measured to be
~450 nm and ~10 μm, respectively. By comparing our results with the previous studies,
we may conclude that the spherulite diameter also exerted a great influence on cell
alignment together with the dimension of small ridges formed by the lamellae radiating.
In general, the dimension of cells after 1 day culture can reach over 50 μm in length.
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Thus the spherulites larger than 50 mm in diameter can effectively guide the alignment of
actin filaments. Otherwise, the continuous alignment in an individual spherulite can be
interrupted when actin filaments sense neighboring spherulites with totally different
directions of small ridges formed by the lamellae radiating.
As demonstrated in AFM results, the groove width and depth of CoPLLA4500
films crystallized at 130 °C were 41 ± 5 and 1.5 ± 0.3 μm, respectively. However, cells
were aligned along the radial direction rather than the groove direction. Earlier
investigations on cell response to microgrooves indicated that cells were either oriented
along

grooves

or

distributed

in

random

direction

bridging

over

multiple

grooves.[32,55,60] Our results were different from those studies as the small ridges
formed by the lamellae radiating on the top of groove ridges instead of grooves
dominated the cell behavior. The small ridges on the top of groove ridges first
communicated with cells when cells were exposed to this substrate and the cells respond
to the small ridges formed by the lamellae radiating through “contact guidance”. Further
the actin filaments were aligned along the small ridges, namely, the radius direction of
the spherulites. Cells respond to banded polymer spherulites in a different way from those
to traditional grooves. The only topographic feature in traditional grooves is the smooth
groove ridge and smooth groove valley. In banded polymer spherulites, the topography is
more complicated and can be considered as the combination of traditional grooves and
small ridges formed by lamellae radiating, which are located on the top of groove ridges
along the radius direction of spherulites. For anchorage-dependent cell type, such as
MC3T3-E1, they can easily respond to the small ridges on the top of groove ridges rather
than the grooves through “contact guidance”.
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2.4 Conclusions
Two series of well-defined comb-dendritic tri-block copolymers have been
synthesized via divergent synthesis of dendritic PEG with four generations using
acetonide-protected anhydride derivative of 2,2-bis(hydroxymethyl)propionic acid and
ring-opening polymerization (ROP) of ε-caprolactone or L-lactide monomers. The
composition of copolymers was varied by controlling the feed ratio of monomers to
hydroxyl groups to give variable PLLA or PCL arm lengths. The chemical structures
were confirmed by 1H NMR, FTIR, and GPC measurements. DSC measurements
demonstrated that Tg, Tm, and χc increased with the increase of PLLA arm molecular
weight. When PCL arm molecular weight increased, the Tm increased. χc also increased
from CoPCL1150 to CoPCL17200 but decreased for CoPCL28500. DMA confirmed that
tensile modulus was strengthened with the increase of molecular weight. Spherulite
growth rate was accelerated with the drop of Tc and CoPCL17200 or CoPLLA17200 had
the largest growth rate compared with other lengths in CoPCL series and CoPLLA series,
respectively. Spherulite size was reduced when Tc dropped. In addition, crystalline cracks,
ring-banded structure, and groove-like structure were observed in CoPLLA series. AFM
detection demonstrated that the increase of Tc induced larger surface roughness.
CoPCL17200 had larger roughness than others in CoPCL series when they were
crystallized at 50 °C and CoPLLA4500 had higher roughness than others in CoPLLA
series when they were crystallized at 130 °C. Water contact angles measurements showed
that hydrophilicity was improved when the incorporation of PEG in copolymers
increased. GIXRD study on copolymer films demonstrated that crystallite size, lattice
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constants, and the crystallinity of copolymers increased with the penetration depth.
Mouse pre-osteoblastic MC3T3-E1 cell attachment and proliferation were regulated by
the hydrophilicity of the copolymers. For both CoPCL and CoPLLA, cells had the
highest numbers when the arm molecular weight was 4500 g/mol. Cell attachment and
proliferation were promoted when CoPCL with an arm molecular weight of 17200 g/mol
was crystallized from 35 to 45 °C. There was a significant difference when the
crystallization temperature for CoPLLA with an arm molecular weight of 17200 g/mol
increased from 110 to 145 °C. Cells on CoPCL with arm molecular weights of 4500 and
17200 g/mol crystallized at 50 °C, as well as CoPLLA with an arm molecular weight of
17200 g/mol crystallized at 145 °C and 4500, 17200, and 28500 g/mol crystallized at 130
°C could sense the small ridges formed by the lamellae radiating and were strongly
aligned along radius direction of spherulites.
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CHAPTER III
REGULATING MC3T3-E1 CELLS ON DEFORMABLE POLY(εCAPROLACTONE) HONEYCOMB FILMS PREPARED USING A
SURFACTANT-FREE BREATH FIGURE METHOD IN A WATERMISCIBLE SOLVENT

3.1 Introduction
It is a great challenge to repair massive defects in bone when the balance between
resorption and regeneration is lost in its degeneration caused by aging and disease [1,2].
A variety of synthetic and natural polymers have been developed as filler materials in
bone surgery [1,2]. Although they can handle immediate problems, there exist some
prominent disadvantages such as mismatch in mechanical properties and lack of
sufficient biocompatibility and bioactivity with the surrounding tissue over long-term
observation of implants made from these materials [1,2]. Therefore, much attention has
been drawn to developing new-generation biomaterials with improved mechanical
properties, biocompatibility, and bioactivity using advanced biomimetic approaches.
One biomimetic approach is to mimic basement membrane, which exists
throughout vertebrate body and provides substrata for overlying cellular structures. They
are composed of extracellular matrix (ECM) proteins such as fibrous collagen, laminin,
and fibronectin, which supply integrin receptors for cell anchorage and regulate
subsequent events [3,4]. Structural features at the micro- and nanometer scales, the main
topography of basement membranes, and their mechanical properties dramatically affect
integrin-cytoskeleton links and cell functions [3-5]. To mimic these complex features,
synthetic substrates with grooves, pits, pores, wells and nodes, spheres, or ridges, have
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been developed [34,6-8]. Many methods such as phase separation, colloidal templating,
and lithography have been used to fabricate porous topography with ordered structures
[3,4]. Among these methods, the breath-figure method is very simple and economical, in
which polymer is dissolved in in a volatile and water-immiscible solvent such as
chloroform (CHCl3), benzene, and carbon disulfide (CS2) and then the solution
evaporates quickly in a humid environment [9,10]. The sharp drop of the temperature in
polymer solution upon rapid solvent evaporation causes condensation of water vapor in
air. Subsequently polymer precipitates and stabilizes water droplets with identical
diameters orderly packed in a hexagonal array on the solution/air interface as the result of
capillary force and convection currents. Then honeycomb polymer films can be obtained
after complete drying.
Poly(ε-caprolactone) (PCL) is a biodegradable semi-crystalline polymer with
excellent biocompatibility and biodegradability for biomedical applications and has been
fabricated into porous bone tissue engineering scaffolds using different methods [11].
Honeycomb PCL films were prepared using water-immiscible solvents with the
assistance of amphiphilic copolymers such as co-carboxyhexyl acrylamide [12-20]. PCL
films with multilayers of ordered pores were also prepared using silica microspheres as
the template [21]. Honeycomb PCL films with different micropore diameters were further
used to regulate adhesion, spreading, and proliferation of endothelial cells, hepatocytes,
epidermal keratinocytes, and dermal fibroblasts, and differentiation of neural stem cells
[8,14-20]. There lack studies on regulating osteoblastic adhesion, differentiation, and
gene expression on honeycomb films of biodegradable polymers with tunable micropores,
although porous substrates/scaffolds have been developed for enhancing bone cell
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functions [22,23]. In addition, this study was the first time to prepare honeycomb PCL
films from solutions in water-miscible tetrahydrofuran (THF) via the breath-figure
method without the need of a surfactant. Previously THF was also used as a solvent for
poly(L-lactide), poly(methyl methacrylate), cellulose acetate-butyrate, and carboxylateterminated polystyrene to prepare porous films and fibers [24-27]. Compared with toxic
CHCl3 and benzene used in the previous preparation of honeycomb PCL films [12-20],
THF is apparently advantageous because it is relatively non-toxic.
In this report, we first present fabrication and characterization of the honeycomb
PCL films with tunable pores. Then we discuss the evaluation of these honeycomb films
as bone tissue engineering substrates by culturing mouse pre-osteoblastic MC3T3-E1
cells on them and the flat control. Cell adhesion, spreading, proliferation, alkaline
phosphatase (ALP) activity, and calcium content were determined and correlated with
gene expression of four bone-specific differentiation markers, ALP, collagen type I (COL
I), osteocalcin (OCN), and osteopontin (OPN). Honeycomb PCL films were further
stretched into groove-like structures, on which MC3T3-E1 cells were cultured for
evaluating cell distribution and alignment. This study not only supplies a convenient
method to produce large-area porous substrates for biomedical applications, but also
demonstrates an appropriate range of micropore dimensions for enhancing preosteoblastic cell behavior.
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3.2 Experimental Section
3.2.1 Fabrication of PCL Films

PCL (Mn = 97700 g mol-1, Mw = 144200 g mol-1) used in this study was
purchased from Aldrich (Milwaukee, WI) and used in our previous studies [28-30]. PCL
was dissolved in distilled THF (Aldrich) at a concentration of 50 mg mL-1. Then the PCL
solution was cast onto clean glass slides and put in a chamber. At a relative humidity of
75%, honeycomb films with pore diameters of 3.5, 6.0, and 10 μm were fabricated by
controlling the airflow rate at 100, 50, and 0 mL min-1, respectively. The PCL films
became opaque gradually and evaporation was conducted for 5 min prior to further
treatment. For comparison, flat films were also prepared by casting the same PCL
solution onto clean glass slides without a humid environment. Stretched PCL films were
prepared by stretching all the films at an elongation ratio, i.e., the ratio of the final length
to the initial length, of 4.5 at room temperature (23 °C).
3.2.2 Surface Topography

The as-prepared PCL films were fixed on glass slides, dried completely in
vacuum, and sputter-coated with a gold-palladium layer (Emscope SC 500, Elexience).
The surface morphology of the honeycomb films was observed using Scanning Electron
Microscopy (SEM; S-3500, Hitachi Instruments, Tokyo, Japan) at an accelerating voltage
of 5 kV.
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3.2.3 Water Contact Angle and Protein Adsorption

PCL films were dried completely in vacuum overnight before the measurements.
Water contact angles were determined using a Ramé-Hart NRC C. A. goniometer (model
100-00-230) and water droplets were photographed using 3.0 megapixel camera
(Moticam 2300, Motic) at room temperature. To evaluate serum protein adsorption, flat
and honeycomb PCL films were soaked for 4 h at 37 °C in the media used for culturing
MC3T3-E1 cells. The films were rinsed with PBS five times to remove unattached
proteins, and immersed in 300 μL of 1% sodium dodecyl sulfate (SDS) solution five
times with 1 h interval to collect proteins adsorbed on the films. A MicroBCA protein
assay kit (Pierce, Rockford, IL) and a micro-plate reader (SpectraMax Plus 384,
Molecular Devices, Sunnyvale, CA) were used to determine the concentrations of the
proteins in the collected SDS solutions. All data was calibrated using a standard curve
constructed from albumin solutions according to the manufacturer’s instruction.
3.2.4 Cell Culture

Mouse MC3T3-E1 cells (ATCC, Manassas, VA) were cultured in the same way
as reported by us [28-34]. Prior to cell studies, all PCL films were immersed in 70%
alcohol solution overnight to remove the residues from sample preparation, further
sterilized by 70% alcohol solution for 3 × 30 min, and dried in vacuum. Cells were
seeded on the samples at a density of ~15,000 cells/cm2 in α-Minimum Essential Media
(α-MEM, Gibco) containing 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin (Gibco). Then the cells were cultured for 4 h, 1, 2, and 4 days in
an incubator at 37 °C with humidity of 95% and 5% CO2.
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3.2.5 Immunofluorescence Microscopy and Cell Morphology

MC3T3-E1 cells on the films were fixed with 16% paraformaldehyde (PFA)
solution for 30 min. After PFA was removed, cells were rinsed with phosphate buffered
saline (PBS) twice and permeabilized with 0.2% (v/v) Triton X-100. Then the cells were
washed with PBS and stained with rhodamine-phalloidin (RP) for 2 h at 37 °C, followed
by 4',6-diamidino-2-phenylindole (DAPI) staining at room temperature. An Axiovert 25
light microscope (Carl Zeiss, Germany) was used for photographing. Cells were counted
using DAPI-stained images and the mean number of nuclei per field (n = 20) was
calculated. Average cell area was measured from 20 non-overlapping cells at day 1 using
ImageJ software (National Institutes of Health, Bethesda, MD). F-actin cytoskeleton at
day 1 was observed using a confocal microscope (SP2, Leica). Focal adhesions (FAs) of
cells were stained with mouse monoclonal anti-vinculin antibody (V9264, Sigma-Aldrich)
for 1 h at 37 °C followed by five rinses with PBS. Then the FAs were labeled by antimouse IgG-FITC antibody (F0257, Sigma) at 37 °C for 5 h and were recorded under a
confocal microscope. For SEM imaging, cells cultured for 1 day were fixed in 5%
paraformaldehyde (w/v) for 30 min and rinsed with PBS for three times. Then all samples
were dehydrated with gradient ethanol solutions (30%, 50%, 70%, 95%, and 100%) for
20 min twice at each concentration and dried in vacuum overnight. After being sputtercoated with one gold-palladium layer, the samples were observed using SEM in the same
way for characterizing polymer film topography.
3.2.6 Characterization of Aligned Cells

MC3T3-E1 cells cultured on the stretched PCL films were fixed, stained,
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photographed, and analyzed using ImageJ as described above. Cell alignment was
characterized with the extent the equimomental ellipse was deformed, defined by
dividing the difference between the long-axis length and short-axis length by the shortaxis length. The percentage of aligned cells in the entire cell population was also
calculated. Cells were considered as aligned when the angle between the long axis and
the direction of the underlying polymer microgroove structure was smaller than 15°. For
each sample, 200 cells were analyzed to determine these two parameters. Average cell
area was measured from 30 cells in the fluorescent images.
3.2.7 ALP Activity and Calcium Content

After 14 days of cell culture, all PCL films were transferred to new plastic tubes
and rinsed with PBS twice to remove unattached cells. Then the adherent cells were
collected by trypsinization, which was terminated by adding α-ΜΕΜ. The cell
suspension was centrifuged for 4 min at 1000 rpm, rinsed with PBS, and then centrifuged
again for 4 min at 1000 rpm. The obtained cell pellet was suspended in 1 mL of 0.2%
Nonidet P-40 solution and sonicated in ice water for 2 min. A fluorescence-based ALP
detection kit (Sigma, St. Louis, MO) and a QuantiChrom calcium assay kit (BioAssay
Systems, Hayward, CA) were used to determine the ALP activity and calcium content of
the cell lysate, respectively [32].
3.2.8 Gene Expression

For determining the expression levels of integrin α1, α2, and β3, MC3T3-E1 cells
were cultured on PCL films for one day. Then the cellular RNA was isolated from the
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cells using an RNeasy Mini Kit (Qiagen, Valencia, CA) and cDNA was synthesized using
a cDNA synthesis kit (Thermo Scientific). Expression of integrin subunits of α1, α2, β1,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) utilized for normalization of
the differences in the amount of total RNA was quantified through real-time polymerase
chain reaction (PCR) with a Power SYBR® Green PCR Master Mix (Applied Biosystems,
Carlsbad, CA) and performed on a thermal cycler with fluorescence detection systems
(PTC-200, MJ Research). Expression of ALP, COL I, OCN and OPN was performed
after cells were cultured on PCL films for 14 days using the same protocol as described
above. All the primers for real-time PCR are shown in Table 3.1.

Table 3.1 Oligonucleotide primer sequences for real-time PCR.
Gene
COL I
OCN
ALP
OPN
Integrin α1
Integrin α2
Integrin β1
GAPDH

Primer sequence (5'-3'; F: forward; R: reverse)
F: TCTCCACTCTTCTAGTTCCT
R: TTGGGTCATTTCCACATGC
F: CAAGTCCCACACAGCAGCTT
R: AAAGCCGAGCTGCCAGAGTT
F: GCCCTCTCCAAGACATATA
R: CCATGATCACGTCGATATCC
F: ACACTTTCACTCCAATCGTCC
R: TGCCCTTTCCGTTGTTGTCC
F: TGAGCCCACCAAGATGAACGA
R: CCTGGCCGGTGTGATTGT
F: ACAAGGCAACTGGCTACTGGT
R: ACAGGTGGCAGTGGGTAGG
F: GGTGTCGTGTTTGTGAATGC
R: TCCTGTGCACACGTGTCTT
F: ACTTTGTCAAGCTCATTTCC
R: TGCAGCGAACTTTATTGATG
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3.3 Results and Discussion
3.3.1 Morphology and Hydrophilicity of the Honeycomb Films

In the breath-figure method, parameters used to achieve different pore diameters
and morphologies include solvent type, air flow rate, humidity, additives, interfacial
activity of polymers, and the concentration and amount of polymer solution [9,10]. In this
study, the airflow rate was the key factor to regulate the pore diameter of the honeycomb
films. When airflow rates of 60, 40, and 0 mL/min were applied in forming honeycomb
PCL films, the as-formed average pore diameters were 3.5, 6.0, and 10 μm, respectively
(Figure 3.1A). Faster airflow could accelerate the evaporation process and more
efficiently decreased the temperature on the polymer solution, condensing a larger
amount of water droplets. Owing to the fast evaporation of the solvent, coalescence of
water droplets rarely occurred and thus smaller pores on the surface of polymer solution
could be formed at a higher airflow rate. Consistent with other honeycomb films prepared
from THF solutions, the honeycomb PCL films here also showed a monolayer
architecture with a solid bottom although THF is lighter than water [24,25]. As
demonstrated in the inset tilted SEM image for 6.0-μm pores, many pores in the
honeycomb films were interconnected when the pore diameter was 6.0 or 3.5 μm, similar
to honeycomb PCL films prepared with assistance of an amphiphilic copolymer
[12,15,18,20]. Figure 1B shows that the distribution of pore diameter was narrow on all
the honeycomb films and the 6.0-μm pores were more uniform than the other two.
Differential scanning calorimetric tests were performed for the flat and honeycomb PCL
films but no differences were found in their melting points and crystallinities, suggesting
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that formation of the honeycomb pattern on PCL films did not influence the thermal
properties.
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Figure 3.1 (A) SEM images of the honeycomb films with different pore diameters. Scale
bar of 50 μm is applicable for the images with the lower magnification (×700). Scale bar
of 10 μm is applicable for the insets (magnification: ×5000). (B) Distribution of pore
diameter in the honeycomb films. (C) Micrographs of water droplets and contact angles
on the flat and honeycomb films. (D) Model of two adjacent hexagonal unit cells
containing pores of diameter D and rim size d (left) and schematic cross-sections of
honeycomb films with three different pore diameters.
The wettability of polymer films can be influenced by surface topography [35-37].
As demonstrated in Figure 3.1C, the water contact angles were 72.6 ± 1.8°, 104.0 ± 1.5°,
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113.5 ± 2.1° and 136.4 ± 4.4° on the flat film and honeycomb films with pore diameters
of 10, 6.0 and 3.5 μm, respectively. Micro- or nano-structured surface such as these
honeycomb films are known to be more hydrophobic by producing air pockets between
substrate surface and water droplets when water droplets were much larger than the
dimension of the structures present on substrate surface. The Cassie and Baxter model in
eq. 1 was employed to predict the water contact angles (θ) on these honeycomb films
[21,35-37].
cosθ = (1 – fo) cosθs + fo cosθo

(1)

where fo is the fractional flat geometrical area of liquid-air interface beneath a water
droplet, θs is the water contact angle on the smooth PCL surface, i.e., 72.6° here, and θo is
the water contact angle on the pore filled with air, which is 180°. When the pore
diameters (D) were 10, 6.0 and 3.5 μm, the rim sizes (d) measured from the SEM images
in Figure 1A were 3.05 ± 0.25, 1.71 ± 0.40, and 0.83 ± 0.04 μm, and then the fo values
were calculated to be 0.528, 0.553, and 0.592, respectively. They were consistent with the
values of 0.532, 0.549, and 0.592 estimated from a hexagonal unit cell model with a pore
in the center (Figure 3.1D).
The water contact angles calculated from eq. 1 were 112.6°, 114.6°, and 117.9°
for the honeycomb films with pore diameters of 10, 6.0, and 3.5 μm, respectively. The
prediction was higher than the experimental value for 10-μm pores but lower for 3.5-μm
pores. Although the model did not predict the strong dependence of water contact angle
on the pore diameter, it still provided reasonable explanation for the increased
hydrophobicity on the smaller pores. In another study, the water contact angles were
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105.6°, 104.3°, 107.2°, and 105.0° on honeycomb PCL films with pore diameters of 5.3,
9.1, 11.8, and 15.6 μm, and rim sizes of 1.8, 3.1, 3.6, and 7.1 μm, respectively [18]. The
reported water contact angle of 74° on flat PCL was close to the θo value in our present
study. Using these parameters and the model in Figure 1D, we obtained fo values of 0.505,
0.504, 0.532, and 0.428, in agreement with the porosity data of 0.506, 0.510, 0.547, and
0.426 given in that report [18]. Then we calculated water contact angles of 105.7°, 113.8°,
111.6°, and 111.7° from eq. 1. The comparison between these two studies shows that the
hydrophobicity of honeycomb PCL films could be significantly strengthened by smaller
pores, which can be stronger than the prediction by the Cassie and Baxter model. In
addition, the preparation method here of not using an amphiphilic copolymer could also
influence the hydrophilicity of the obtained honeycomb films.
3.3.2 Cell Adhesion

After 1-day culture, MC3T3-E1 cell adhesion was examined using fluorescent
cell images, characterization of FAs, which are the closest contacts between cells and the
underlying substrate, and integrin expression [38,39]. As shown in Figure 3.2A, all the
pores here were subcellular and cells could spread over multiple pores without being
aligned along the rim, which was found for cardiac myocytes on overcellular honeycomb
PCL films with a pore diameter of 12.5 μm and a rim size of 8.0 μm [19]. Cytoskeleton
with F-actin stained red on the flat films had very few stress fibers while the cells on the
honeycomb films spread better and had more better-defined stress fibers and protrusions.
The cytoskeleton on the honeycomb films with pore diameters of 10 and 6.0 μm was
trapped inside the pores. Cells on the honeycomb films with 3.5-μm pores had even
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better defined stress fibers while no trapped cytoplasm was found. In a previous report,
fibroblasts were found to be sensitive to changes in radius of curvature on quartz surface
with microscale round pits to decide they chose to enter the pits or move around this
obstacle [40]. In this study, larger pores had larger radius of curvature for both pore edge
and inside pores, and consequently less sharp discontinuous region between flat-tops and
pores, as illustrated in Figure 3.1D. This may be the reason for MC3T3-E1 cells being
trapped by the larger pores.
Vinculin-stained cell images in Figure 3.2A showed significantly more punctate
FAs on the honeycomb films, especially when the pores were smaller, in contrast to
diffusive vinculin staining on the flat ones. Moreover, the FAs of MC3T3-E1 cells on the
honeycomb films were distributed not only on cell periphery but also along the pore edge.
As demonstrated in Figure 3.2B, FAs were quantified by using the average area of FAs,
FA density, i.e., the average number of FAs per cell, and the circularity of FAs, defined
as 4π × area/perimeter2. The first two parameters of FAs on the honeycomb films were
markedly larger than those on the flat ones and were further strengthened by decreasing
the pore diameter. The circularity of FAs on the flat films was close to 1, a measure for a
perfect circle. It was lower on the honeycomb films and further decreased when the pore
diameter decreased, indicating that the alignment of FAs expressed as the inverse of
circularity was enhanced.
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Figure 3.2 (A) Fluorescent images of MC3T3-E1 cells stained with RP (red) and DAPI
(blue) (top row), vinculin-stained cell images (middle row) with arrow heads indicating
pores of the honeycomb films, and merged images with the underlying substrates at day 1
post-seeding. Scale bar of 20 μm is applicable for all. (B) Area, density, and circularity of
FAs. (C) Integrin expression of cells. *: p < 0.05; #: p < 0.01 relative to others. +: p <
0.01. ^: p < 0.05.
Cells react to micro/nano-topography mainly through the “contact guidance”
effect [3-8]. For example, FAs of fibroblasts were found to appear on the ridges of
microgrooved substrates in an oriented manner and the actin filaments would originate
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from these adhesion points [6,41]. After FA are aligned, actin filaments or stress fibers in
attached cells can also be aligned [6,7,38,39]. Previous findings also suggested that
moving or extending cells prefer to be localized at the region of junction or discontinuity,
which was the pore edges on the honeycomb films studied here [42]. On the basis of fo
and D, the number of pores and the total length of pore edges in a unit projected area of 1
cm2 can be estimated. The former parameter increased from 6.8 × 105 to 1.9 × 106 and 6.2
× 106 and the latter increased from 21.3 to 36.6 and 67.7 m when the pore size decreased
from 10 to 6.0 and 3.0 μm, respectively. Thus the honeycomb films with small pores
generating a large region of junction or discontinuity provide excellent circumstance for
cell adhesion and growth.
The FA-ECM interactions involve integrins, which are transmembrane
heterodimers of the α-subunit and β-subunit [5,43,44]. Integrins bind different ECM
proteins with the external end and cytoskeleton via adapter proteins such as talin, αactinin, filamin and vinculin, and FAs are based on this integrin-adapter protein–
cytoskeleton complex [5,43.44]. ECM proteins, to which osteoblasts can directly react,
include fibronectin, COL I, and vitronectin [43,44]. Osteoblasts anchor on substrate
surface via integrin receptors which are involved in processes named as “outside-insignaling” and “inside-out-signaling” between the ECM and the cell. These integrininvolved pathways can regulate subsequent cell adhesion, migration, proliferation, and
differentiation. Osteoblasts can express integrin subunits α1, α2, α3, α4, α5, α6, αv, β1, β2,
and β5 [43,45]. As shown in Figure 3.2C, the expression levels of integrin subunits α1, α2,
and β1 on the honeycomb films with smaller pores were significantly higher. Binding of
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α1β1 and α2β1 to type-I collagen, the most abundant bone matrix protein, is critical in
regulating osetoblastic differentiation, whereas subunit β1 is responsible for attachment to
fibronectin or COL I [43-45].
3.3.3 Protein Adsorption

Cell adhesion to a substrate is closely related to proteins adsorbed on the surface,
which is dependent on material chemistry and morphology [5]. When the pore diameter
in the honeycomb films decreased, the pore edge or the rim also decreased while the
entire surface area that included both the flat-tops and inside the pores significantly
increased. Figure 3.1D shows three schematic cross-sections of the honeycomb films, in
which spherical caps were used to represent the pores left by the water droplets. Using
simple geometrical computation, we obtained the entire surface area based on the pore
diameters and the heights of spherical caps, which were 2.37, 2.32, and 2.96 μm
calculated from the schemes in Figure 3.1D for pore diameters of 3.5, 6.0, and 10 μm,
respectively. When the pore diameter was 10 or 6.0 μm, the spherical cap was smaller
than a hemisphere. For 3.5-μm pores, the spherical cap was greater than a hemisphere.
The ratios (Rs) of the entire surface area to the projected area were 1.00, 1.15 ± 0.11, and
1.25 ± 0.10, and 2.03 ± 0.18 for the flat films and honeycomb ones with pore diameters
of 10, 6.0, and 3.5 μm, respectively. Per a unit projected area, the flat-top area of the
honeycomb films, calculated using (1 - fo), decreased from 0.472 to 0.447 and 0.408,
while the area inside the pores, calculated using (Rs + fo - 1), increased from 0.678 to
0.803 and 1.622 when the pore diameter decreased from 10 to 6.0 and 3.5 μm,
respectively.
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Figure 3.3 (A) Serum protein adsorption of the flat film and honeycomb films with
different pore diameters in α-MEM. *: p < 0.05 relative to others. (B) Protein adsorption
vs. ratio of entire surface area of the films to projected area.
As a result, honeycomb films with larger contract area with the serum proteins in
the culture media could promote protein adsorption and it was even higher when pores
were smaller. Figure 3.3A indicates that the concentration of the serum proteins adsorbed
on the films increased significantly from 2.24 ± 1.00 μg cm-2 for the flat one to 9.27 ±
0.51 μg cm-2 for the honeycomb films with the pore diameter of 3.5 μm. As shown in
Figure 3.3B, protein adsorption followed a linear relationship (R2 = 0.9984) with the ratio
of the entire surface area to the projected area, suggesting that it was solely determined
by the surface area while the film chemistry did not exert extra effect on the protein
adsorption. Although surfaces became more hydrophobic macroscopically, this effect
was induced topographically and might not function at the scale of protein size or further
influence cell behavior because all the films were rinsed in culture media prior to cell
seeding.
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MC3T3-E1 cells could sensitively respond to the proteins distributed on the
substrates and produce integrin proteins accelerating the formation of FAs and fostering
the expression of integrin subunits of α1, α2, and β1 corresponding to osteoblasts, as
discussed earlier. However, MC3T3-E1 cells did not spread into most pores, especially
when the pore diameter was 3.5 μm, meaning that the proteins adsorbed inside the pores
might not contribute much to supporting cell adhesion. In another report, fibroblasts were
also seen very occasionally to touch the bottom of the 2-μm grooves while FAs were
observed on the wider microgrooves [41]. Assuming that the capability of adsorbing
proteins was identical on the surfaces of the flat-tops and inside the pores, we found that
the protein concentration on the flat-top area of the honeycomb films with smaller pores
would be actually lower. Thus purely the concentration of adsorbed proteins may not be
used to interpret the better MC3T3-E1 cell adhesion on the honeycomb films with
smaller pores. It should be noted that honeycomb structures could not only enhance
protein adsorption but also influence distribution of adsorbed proteins. For example, the
fibril-like aggregates of fibronectin were found to locate on the periphery of the pores of
honeycomb PCL films, which may further determine the FAs of the cells around these
pores [15-18,20]. It is unclear if that was the case in this study but the pore edge itself
should be able to stimulate the formation of FAs and then guide and align them, as
discussed earlier.
3.3.4 Cell Attachment, Proliferation, and Nuclear Deformation

MC3T3-E1 cell attachment at 4 h and proliferation over 4 days was studied using
SEM and fluorescent images (Figure 3.4A). Better cell adhesion on the honeycomb films
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with smaller pores as discussed earlier ensured that other adhesion-mediated cell
behavior such as cell proliferation, differentiation, and gene expression should also be
better [44]. It can be observed from the SEM images that cells could spread and flatten
better on the honeycomb films with pore diameters of 3.5 and 6.0 μm than on the flat
films. The cytoplasm on the honeycomb films with a pore diameter of 10 μm was
partially or completely trapped inside the pores. The honeycomb films with pore
diameters of 3.5 and 6.0 μm, especially for the smaller one, had more cells compared
with the flat film and the honeycomb film with pore diameter of 10 μm. This result was
further confirmed by the fluorescent images, which showed that cell density increased
with the culture time and cells reached confluence at day 4. At days 1 and 2, cytoplasm
was clearly trapped and deformed on 10- and 6-μm pores. Cell numbers counted from
nuclei stained with DAPI in Figure 3.4B also demonstrated that cell proliferation was
greatly enhanced on the honeycomb films with pore diameters of 6.0 and 3.5 μm,
especially the smaller one. Figure 3.4C shows the average cell area on films, suggesting
that cells on films with diameters of 3.5 and 6.0 μm spread and flattened significantly
better than those on the flat films.
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Figure 3.4 (A) SEM images of MC3T3-E1 cells at day 1 (top row) and fluorescent
images of cells stained with RP (red) and DAPI (blue) at 4 h, days 1, 2, and 4 on the flat
film and honeycomb films with different pore diameters. Scale bar of 20 μm is applicable
to all SEM images and scale bar of 100 μm is applicable to all fluorescent images. (B)
Cell proliferation on the films represented by the cell numbers at 4 h, days 1, 2, and 4. (C)
Cell area on the films at day 1. *: p < 0.05; #: p < 0.01 relative to others. +: p < 0.01. ^: p
< 0.05.
The effect of pore size in porous substrates on cell behavior has been studied
using different materials [16,19,23,46,47]. On honeycomb PCL films with pore diameters
of 3-20 μm, keratinocytes and fibroblasts were found to prefer the smallest pores (3-5 μm)
in terms of adhesion and proliferation [16]. Smaller pores in this range generated a lager
surface area and a longer pore edge whereas overcellular pores could separate cells from
communicating with each other, which is detrimental to cell proliferation, signaling, and
survival [16]. When the pore diameter was smaller than 1 μm (100-500 nm), MC3T3-E1
cells seeded on porous silica films were elongated on the narrow rims with a much

87

smaller cell area and slower proliferation [23]. When the pore diameter was even smaller
(15-100 nm), surface topography at 15 nm could best support mesenchymal stem cell
adhesion, proliferation, migration, and differentiation on TiO2 nanotube surfaces, as this
spacing seems optimal for integrin assembly into FAs [46,47].
MC3T3-E1 cell nuclei stained with DAPI were further analyzed in terms of shape
and area, which can be related to gene expression and protein synthesis [48]. As shown in
Figure 3.5, cell nuclei became larger on the honeycomb films and were evidently
distorted on the 6.0- and 10-μm pores when cytoplasm was trapped inside the pores. Cell
nuclear area at day 2 increased from 235 ± 42 μm2 on the flat films to 294 ± 79 and 367 ±
52 μm2 on the honeycomb films with pore diameters of 3.5 and 6.0 μm, respectively.
Then it decreased to 326 ± 61 μm2 when the pore diameter was 10 μm. Cell nuclear
deformation may induce difference expression of bone-specific gene markers. For
example, MC3T3-E1 cell nuclei were found to be aligned in microgrooved substrates of
crosslinked PCL triacrylate (PCLTA) with groove width of 7.5 μm and this nuclear
alignment was believed to contribute to higher mineralization and OCN expression [29].
As found previously, upregulated OCN expression from constraining primary rat bone
cell nuclei, whereas collagen I synthesis reached maximum at an intermediate value of
nuclear distension [48]. The nuclei of human osteosarcoma-derived cells (SaOs-2) were
found to be severely deformed on micropillars but it had little effect on its viability,
proliferation, and ALP activity [49]. It is still unclear if nuclear expansion found here
instead of nuclear alignment and distension could result in high MC3T3-E1
differentiation and gene expression.
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Figure 3.5 MC3T3-E1 cell nuclei stained with DAPI at day 2 post-seeding on the flat film
and honeycomb films with different pore diameters.
3.3.5 Cell Behavior on the Stretched Films

Stretched honeycomb PCL films were characterized using SEM and their
microgroove-like topography had a notable effect on MC3T3-E1 cells. As shown in
Figure 3.6A, after deformation of pores, the surface topography presented majorly
elongated hexagons, rectangles, and other irregular structures aligned side by side, which
was also observed in another stretched microporous film of PCL [50]. Defects in the
honeycomb structure had a remarkable impact on the evolution of pore size and shape
during stretching. Overall, the stretched honeycomb films could be considered as
microgrooved ones with groove widths of ca. 12, 8, and 5 μm for pore diameters of 10,
6.0, and 3.5 μm, respectively. The groove length and width could be roughly calculated
by assuming the pores were perfect circles with uniform dimensions. When the pores
were stretched at a stretching ratio of 4.5 along one direction, each groove had a length of
4.5 times as much as the pore diameter. Thus the groove lengths were estimated to be 45,
27, and 15.75 μm for pore diameters of 10, 6.0, and 3.5 μm, in agreement with the values
of 40.9 ± 10.3, 30.7 ± 5.2, and 12.6 ± 3.5 μm determined from the SEM images in Figure
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6A, respectively. For the rim size or the ridge width, it also increased 4.5 times along the
stretching direction but it decreased along the transverse direction. The groove depth
should be similar to or lower than the height of spherical cap (2-3 μm) in Figure 3.1D.
Figure 3.6B shows the fluorescent images of MC3T3-E1 cells after culture for 4 h,
1, 2, and 4 days on the stretched flat and honeycomb films. The cell densities on the
stretched films were almost equal to those on their unstretched counterparts in Figure
3.4A,B, consistent with our previous finding on microgrooved substrates of crosslinked
PCLTA with different groove dimensions [33]. Cell filaments were aligned on the
stretched honeycomb films with different groove widths, similar to a previous report
when cardiac myocytes were cultured on stretched microporous PCL films [50]. On
microgrooved substrates, cells sense forces and adjust shape to obtain optional force
equilibrium, inducing aligned cell filaments [51]. Different from that most cells grew on
the flat-tops of the unstretched honeycomb films, more than 80% of the cells were
trapped inside the grooves on the stretched ones with a slight increase when the pore
diameter or groove width decreased, as shown in Figure 3.6C. It was because the surface
porosity was larger and the transverse rim size or ridge width was smaller in the stretched
honeycomb films.
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Figure 3.6 (A) SEM images of the stretched honeycomb films with different pore
diameters. Scale bar of 20 μm is applicable to all SEM images (magnification: ×1500).
(B) Fluorescent images of MC3T3-E1 cells stained with RP (red) and DAPI (blue) at 4 h,
days 1, 2, and 4 on the stretched films. Scale bar of 100 μm is applicable to all
fluorescent images. (C) Distribution, defined as the percentage of cells trapped inside the
grooves of the stretched honeycomb films, cell area and percentage of elongated cells in
entire cell population on the stretched films at day 1. *: p < 0.05, #: p < 0.01 relative to
the flat film. ^: p < 0.05 relative to films with smaller pores.
Cell area on the stretched flat films was greater than that on the stretched
honeycomb films and it was smaller when the groove/ridge width was lower. Cell
elongation on the stretched flat films was not observed, compared with much higher
percentages of elongated cells on the stretched honeycomb films, especially when the
pore diameter or groove width was smaller. Our present results agreed with the
conclusions in literature that cell alignment often decreases with increasing groove/ridge
width or decreasing the groove depth [4,6,33]. Alignment of cell filaments can also
induce nuclear elongation because nuclei are mechanically integrated with the entire cell
body and intermediate filaments can transfer the forces sensed by cell filaments to the
nucleus via mechanotransduction [6,7,52,53]. Nevertheless, nuclear elongation on the
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stretched honeycomb films was not observed here, even though they had strong
alignment of cell filaments. In a previous report, NIH3T3 fibroblasts proliferated better
on a less stiff biaxially stretched PCL membrane with a lower thickness [54]. However,
no difference was found in this study in cell behavior between the flat PCL films before
and after stretching, as their thermal and mechanical properties remained the same.
3.3.6 Mineralization and Gene Expression

The honeycomb films not only promoted MC3T3-E1 cell adhesion, spreading,
and proliferation, but also enhanced the mineralization process of these cells. As shown
in Figure 3.7, the calcium content and ALP activity of MC3T3-E1 cells, two indicators of
osteogenesis, on the honeycomb films were both higher than those on the flat one after 14
days of culture. These two parameters were even higher when the pores in the
honeycomb films were smaller. These cell results were consistent with each other and
indicated that honeycomb PCL films with 3.5-μm pores are potentially useful in bone
regeneration and repair and this pore size can be fabricated into other biomaterials to
promote adhesion, proliferation, and mineralization of bone cells.
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Figure 3.7 ALP activity and calcium content of MC3T3-E1 cells cultured on the flat and
honeycomb films with different pore diameters for 14 days. *: p < 0.05 relative to the flat
film.
To further analyze MC3T3-E1 cell differentiation, real-time PCR was used to
assess mRNA expression of bone-specific differentiation markers. The results (Figure 3.8)
demonstrated that the expression levels of OCN, COL I, and OPN on the honeycomb
films with pore diameters of 6.0 and 3.5 μm were significantly higher than those on the
flat films and honeycomb films with 10-μm pores. For ALP, it had a significantly higher
expression level on the honeycomb films with 3.5-μm pores than on other films. Cell and
tissue development in bone formation have three stages: proliferation, matrix maturation,
and mineralization, and different differentiation-related genes reach their maximum
expression levels at different stages [43,55]. The gene expression levels of ALP and COL
I, which are early-stage markers of osteogenesis, reach peak values in the stage of matrix
maturation that occurs after 7 days of culture [55]. In contrast, OCN and OPN reach peak
levels or continue to grow in the stage of mineralization [43,55]. Because the present
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results were obtained after 14 days of cell culture, which was in the mineralization stage,
the relative expression levels of ALP and COL I were lower than those of OCN and OPN.
The upregulated gene expression on the honeycomb films can be attributed to easier
formation of integrin clusters and FAs, and better cell proliferation stimulated by the pore
edges.
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Figure 3.8 Gene expression levels of ALP, OCN, OPN, and COL I relative to GAPDH in
MC3T3-E1 cells cultured for 14 days on the flat and honeycomb films with different pore
diameters. *: p < 0.05 relative to others. ^: p < 0.05.

3.4 Conclusions
Honeycomb PCL films with different pore diameters have been fabricated using
the breath-figure method in water-miscible THF without assistance of any surfactant. By
increasing the airflow rate from 0 to 50 and 100 mL min-1, uniform pores with
controllable diameters from 10 to 6.0 and 3.5 μm were achieved, respectively. Compared
with the flat control, the honeycomb films significantly promoted mouse MC3T3-E1 cell
adhesion, spreading, proliferation, alkaline ALP activity, calcium content, and gene
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expression of bone-specific differentiation markers, ALP, COL I, OCN, and OPN,
especially when the pores were smaller. The promotion originated from enhanced
expression of integrin subunits of α1, α2, β1. Honeycomb PCL films could be stretched
into groove-like structures. Compared with stretched flat films, stretched honeycomb
films could elongate F-actin filaments of MC3T3-E1 cells significantly and the effect was
more prominent when the pore diameter was smaller. These honeycomb PCL films can
supply an efficient platform for bone tissue engineering applications.
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CHAPTER IV
PROMOTING MC3T3-E1 CELL ADHESION, PROLIFERATION,
AND DIFFERENTIATION ON PHOTO-CURED POLY(εCAPROLACTONE) TRIACRYLATE FILMS WITH PORES TUNED
BY BREATH FIGURES

4.1 Introduction
Cells can recognize and respond to surface features via inter- and intracellular
signaling events [1-5]. These signaling events are of critical importance for subsequent
cell proliferation, differentiation, and development of endogenous extracellular matrix
(ECM) [1-5]. Among many topographical features at the micro- and nanoscale to which
cells react, substrates with ordered pore/pit distribution have been used to mimic the
basement membrane with hierarchical porous structures [1-5]. Unlike methods such as
phase separation, colloidal templating, and lithography [1-3], the breath-figure method is
very convenient to prepare honeycomb polymer films as condensed water droplets on the
surface of polymer solution work as template during the evaporation of volatile solvent in
a humid condition [5-9]. For example, honeycomb poly(ε-caprolactone) (PCL) films with
pore sizes (diameters) of 3-20 μm were prepared in the presence of a surfactant to
regulate cell behavior [5,10-12]. Although great effort has been focused on developing
porous substrates/scaffolds for enhancing bone cell functions [1-3,5,13-15], it has not
been well studied how to use honeycomb films of biodegradable polymers with tunable
micropores to regulate osteoblastic adhesion, differentiation, and gene expression. In
addition, the honeycomb polymer films with tunable pores for cell studies here were
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fabricated by incorporating photo-curing with the breath figure method without the need
of a surfactant.

4.2 Experimental Section
4.2.1 Preparation of Poneycomb Photo-cured PCLTA Films

All chemicals used in this study were purchased from Sigma-Aldrich unless noted
otherwise. PCLTA (Mn = 20020 g mol-1, Mw = 22670 g mol-1) synthesized in our lab and
photo-initiator,

phenyl

bis(2,4,6-trimethyl

benzoyl)

phosphine

oxide

(BAPO,

IRGACURE 819, Ciba Specialty Chemicals) were dissolved in distilled THF at
concentrations of 50 and 0.5 mg mL-1, respectively. Then the PCLTA/BAPO solution in
THF was cast onto clean glass slides and put in a chamber. At a relative humidity of 60%,
honeycomb polymer films with pore sizes of 5.6 and 3.0 μm were fabricated by
controlling the airflow rate at 0 and 50 mL min-1, respectively. Polymer films became
opaque gradually during solvent evaporation for 5 min, followed by exposure to UV light
(λ = 315-380 nm) generated from a Spectroline lamp (SB-100P; intensity: 4800 μw cm-2)
for 30 min. For comparison, flat films were prepared by casting the same PCLTA/BAPO
solution on glass slides and photo-curing at the same condition.
4.2.2 Physical Characterizations

To obtain their gel fractions, photo-cured PCLTA films with the original weight
(Wo) were soaked in excessive methylene chloride for 2 days. Then the films were dried
in vacuum for 2 h and weighed as Wd. The gel fraction was then calculated using Wd/Wo ×
100%. The measurement was performed in triplicate. The surface morphology of both
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flat and honeycomb films was observed using SEM (S-3500, Hitachi Instruments, Tokyo,
Japan) at an accelerating voltage of 10 kV.
4.2.3 Water Contact Angle and Protein Adsorption

Prior to measurements, all photo-cured PCLTA films were dried completely in
vacuum overnight. Water contact angles were determined at room temperature using a
Ramé-Hart NRC C. A. goniometer (model 100-00-230) and the images of water droplets
on the polymer films were taken using a 3.0 megapixel camera (Moticam 2300, Motic).
For protein adsorption, the polymer films were immersed in the culture media for
MC3T3-E1 cells for 4 h at 37 °C. The films were washed with PBS five times to remove
unattached proteins and soaked in 300 μL of 1% sodium dodecyl sulfate (SDS) solution 5
times for 1 h each to collect proteins adsorbed on the surface. A microplate reader
(SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA) and a MicroBCA protein
assay kit (Pierce, Rockford, IL) were used to detect the protein concentrations in the
collected SDS solutions. A standard curve for calibration was plotted using albumin in
the kit.
4.2.4 Cell Studies

MC3T3-E1 cells (ATCC, Manassas, VA) were cultured as previously reported
[15-18]. Prior to cell studies, all polymer films were immersed in a mixture of 70%
alcohol solution and acetone (75/25, v/v) overnight to remove excessive unreacted
polymer chains and BAPO. The films were dried in vacuum and further sterilized by 70%
alcohol solution for 3 × 1 h followed by complete drying in vacuum. MC3T3-E1 cells
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were seeded on all the samples at a density of ~15,000 cells per cm2 and cultured in αMinimum Essential Media (α-MEM; Gibco, Grand Island, NY) containing 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco) for 4 h, 1, 2, 4, and
14 days in an incubator at 37 °C with 95% humidity and 5% CO2. To count cell number
and observe F-actin cytoskeleton, the attached cells on the films were fixed with 16%
paraformaldehyde (PFA) solution for 20 min. After PFA was removed, cells were washed
twice with phosphate buffered saline (PBS), permeabilised with 0.2% Triton X-100, and
stained using rhodamine-phalloidin (RP) for more than 1 h at 37 °C and 4',6-diamidino-2phenylindole (DAPI) at room temperature. Cell images were taken on an Axiovert 25
light microscope (Carl Zeiss, Germany). Cells on each film were counted using DAPIstained images and the mean number of nuclei per field (n > 15) was calculated. Average
cell area was obtained from more than 20 non-overlapping cells at day 1 post-seeding
using ImageJ software (National Institutes of Health, Bethesda, MD). FAs were stained
with mouse monoclonal anti-vinculin antibody (V9264, Sigma-Aldrich) for more than 1 h
at 37 °C followed by five rinses with PBS. Then the FAs were labeled by anti-mouse
IgG-FITC antibody (F0257, Sigma) at 37 °C for 5 h and observed on a confocal
microscope (SP2, Leica). To observe the morphology of both cells and films using SEM,
all samples were dehydrated with graded ethanol solutions (25%, 50%, 70%, 95%, and
100%), dried in vacuum overnight, and sputter-coated with gold-palladium.
4.2.5 ALP Activity, Calcium Content, and Gene Expression

After culturing MC3T3-E1 cells on the polymer films for 14 days, all samples
were rinsed with PBS twice, trypsinized, washed again, and the cell suspension was
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centrifuged for 4 min at 1000 rpm. The obtained cell pellet was re-suspended in 1 mL
0.2% Nonidet P-40 solution and sonicated in ice water for 2 min. Fluorescence-based
ALP detection kit (Sigma, St. Louis, MO) and QuantiChrom calcium assay kit (BioAssay
Systems, Hayward, CA) were used to determine the ALP activity and calcium content of
the cell lysate, respectively [16-18]. After MC3T3-E1 cells were cultured for 14 days,
RNA was isolated from the cell pellet using a RNeasy Mini Kit (Qiagen, Valencia, CA),
from which cDNA was then synthesized using a cDNA synthesis kit (Thermo Scientific).
Expression of ALP, COL I, OCN, OPN, intergrin α1, α2, β1, and glyceraldehyde-3phosphate dehydrogenase (GAPDH) was quantified using real-time PCR, which was
performed on a thermal cycler with a fluorescence detection system (PTC-200, MJ
Research, Watham, MA) and a Power SYBR® Green PCR Master Mix (Applied
Biosystems, Carlsbad, CA). The oligonucleotide primers used for both RT and real-time
PCR were: ALP forward, 5'-GCC CTC TCC AAG ACA TAT A-3'; ALP reverse, 5'-CCA
TGA TCA CGT CGA TAT CC-3'; COL I forward, 5'-TCT CCA CTC TTC TAG TTC
CT-3'; COL I reverse, 5'-TTG GGT CAT TTC CAC ATG C-3'; OCN forward, 5'-CAA
GTC CCA CAC AGC AGC TT-3'; OCN reverse, 5'-AAA GCC GAG CTG CCA GAG
TT-3'; OPN forward, 5'-ACA CTT TCA CTC CAA TCG TCC-3'; OPN reverse, 5'-TGC
CCT TTC CGT TGT TGT CC-3'; Integrin α1 forward, 5'-TGA GCC CAC CAA GAT
GAA CGA-3'; Integrin α1 reverse, 5'-CCT GGC CGG TGT GAT TGT-3'; Integrin α2
forward, 5'-ACA AGG CAA CTG GCT ACT GGT-3'; Integrin α2 reverse, 5'-ACA GGT
GGC AGT GGG TAG G-3'; Integrin β1 forward, 5'-GGT GTC GTG TTT GTG AAT
GC-3'; Integrin β1 reverse, 5'-TCC TGT GCA CAC GTG TCT T-3'; GAPDH forward, 5'-
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ACT TTG TCA AGC TCA TTT CC-3'; GAPDH reverse, 5'-TGC AGC GAA CTT TAT
TGA TG-3'. For RT-PCR, cDNA amplification was performed on a Peltier Thermo cycler
(PTC-200, MJ Research). DNA products were electrophoresed in 1.5% agarose gel
containing Gelgreen (Biotium, Hayward, CA) and visualized using an EpiChemi II
darkroom imaging system (UVP, Upland, CA).
4.2.6 Statistical Analysis

Protein adsorption and in vitro cell studies were performed in quadruplicates for
each group and each time point. The values were expressed as mean ± standard deviation.
The statistical significance (p < 0.05 or 0.01) in the differences between groups was
analyzed by the student’s t-test.

4.3 Results and Discussion
Photo-curable and biodegradable PCL triacrylate (PCLTA) synthesized using a
facile method in our research group has proved to be a promising candidate biomaterial
for diverse tissue-engineering applications [16,19]. A semi-crystalline PCLTA network
was used in this study because it could better support mouse pre-osteoblastic MC3T3-E1
cell proliferation and mineralization than more compliant amorphous counterparts [16,19].
There were three steps in preparing these honeycomb films. First, the temperature on the
polymer solution surface decreased when the moist air was blew over it and the volatile,
water-miscible, relatively non-toxic solvent tetrahydrofuran (THF) evaporated, which
consequently triggered nucleation and growth of water droplets. Second, water droplets
with similar diameters were arranged into a hexagonal array, followed by exposure to UV
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light to initiate photo-curing of PCLTA. At last, polymer precipitated around the water
droplets and then THF and water were completely removed. As summarized in recent
reviews [7,8], photo-cured polymer honeycomb structures with enhanced stability indeed
exist but they were not used for regulating cell behavior [20,21]. In this study, we
obtained honeycomb films of photo-cured PCLTA and further studied mouse preosteoblastic MC3T3-E1 cell adhesion, spreading, proliferation, differentiation, and gene
expression on them.
The pore size in the honeycomb polymer films prepared using the breath figure
method can be regulated by solvent species, humidity, airflow rate, and solution
concentration/volume [6,8,22-24]. In this study, the airflow rate was the key parameter to
control the pore size. When the airflow rate was raised from 0 to 50 mL min-1, the
average pore size decreased from 5.6 to 3.0 μm, as shown in Figure 4.1. At a lower
airflow rate, solvent evaporation was slower and larger water droplets could form, as also
found previously [25]. PCLTA networks were confirmed by the high gel fractions of
~80% without a significant difference between the flat and honeycomb films, indicating
that photo-curing was still efficient even when water vapor and droplets were present.
The melting temperature and crystallinity of the photo-cured PCLTA films slightly
decreased from 57.3 °C and 49.7% for the flat one to 55.6 °C and 47.2%, and 54.9 °C and
44.9% for the honeycomb ones with pore sizes of 5.6 and 3.0 mm, respectively.
According to the mechanism proposed previously [9,25], the solvent density influences
the honeycomb structure directly. When the solvent is chloroform or carbon disulfide
with a density higher than that of condensed water droplets, a packed array of honeycomb
pores forms as a monolayer on the solution surface because water droplets cannot
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penetrate in these dense solvents [9,25]. In contrast, honeycomb films prepared from
solutions in benzene or toluene, which has a lower density than water, could form
multiple layers [25]. Although the solvent THF used here has a lower density (0.8892 g
cm-3) than water, the cross-sections of the honeycomb films (Figure 4.1B,D) showed a
monolayer architecture with a solid bottom. This architecture was also found in other
honeycomb films prepared from THF solutions and may be due to thin polymer solution
coated on glass slides and increasing solution viscosity upon water precipitation [23,24].
The pore size distribution (Figure 4.1F) in both honeycomb films was narrow and the
smaller pores were more uniform.
Surface topography can influence the wettability of a polymer substrate [26,27].
As demonstrated in the insets of Figure 4.1A,C,E, the water contact angles were 76.3 ±
1.2°, 111.0 ± 1.4° and 122.0 ± 2.7° on the flat film and honeycomb films with pore sizes
of 5.6 and 3.0 μm, respectively. Because air pockets existed between the honeycomb
films and water droplets, the Cassie and Baxter model (eq. 1) was used to predict water
contact angles (θ ) on these films [26,27].
cosθ = (1 – fo) cosθs + fo cosθo

(1)

where fo is the fractional flat geometrical area of liquid-air interface beneath a water
droplet, θs is the water contact angle of 76.3° on the smooth surface of crosslinked
PCLTA, and θo is the water contact angle of 180° on the pore filled with air. When the
pore size (D) decreased from 5.6 to 3.0 μm, the rim size (d) measured using Scanning
Electron Microscopic (SEM) images also decreased from 1.65 ± 0.35 to 0.85 ± 0.14 μm
and the fo values obtained by dividing the pore area by the projected area were 0.541 and
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0.558, respectively. Consistently, the fo values estimated on the basis of a hexagonal unit
cell with a pore in the center (Figure 4.1G) were 0.541 and 0.551. The water contact
angles estimated from eq. 1 were 115.5° and 117.2° for the pore sizes of 5.6 and 3.0 μm,
respectively. This estimation was in agreement with the experimental data. Calculated on
the basis of fo and D, the number of pores and total length of pore edges in a unit
projected area of 1 cm2 increased from 2.2 × 106 to 7.8 × 106 and from 38.6 to 73.4 m
when the pore size decreased from 5.6 to 3.0 μm, respectively.
Protein adsorption is important for cell adhesion and depends on both substrate
chemistry and topography [28]. The entire surface area of the honeycomb films included
the areas of the flat-top and the pores. As illustrated in Figure 4.1H, spherical caps used
to represent the pores left by the water droplets were smaller than a hemisphere when the
pore size was 5.6 μm but greater than a hemisphere for 3.0-μm pores. Then we performed
simple geometrical calculation of the entire surface area based on the pore size and the
height of the spherical cap, which was measured from the SEM images of the pore crosssections. The ratios of the entire surface areas for the honeycomb films to their projected
areas were 1.37 ± 0.12 and 2.35 ± 0.08 when the pore sizes were 5.6 and 3.0 μm,
respectively. For the flat film, the value was 1. Honeycomb structures with larger total
surface areas to contact serum proteins in culture media were reported to enhance protein
adsorption and regulate distribution of adsorbed proteins by having more on the
honeycomb rims [5,10]. The concentration of the proteins adsorbed on the flat films from
the culture media was 2.00 ± 0.95 μg cm-2. With statistical significance (p < 0.01), it
increased to 4.04 ± 1.98 and 9.90 ± 1.08 μg cm-2 for the honeycomb films with pore sizes
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of 5.6 and 3.0 μm, respectively. These protein concentrations followed a linear
relationship (r = 0.9994) with the entire surface area of the films, suggesting that the film
chemistry did not affect the protein adsorption additionally.
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Figure 4.1 SEM images of honeycomb films with pore sizes of (A,B) 3.0 μm and (C,D)
5.6 μm, and (E) a flat film of photo-cured PCLTA. A,C: magnification: × 1000.The
cross-sections of the honeycomb films are shown in (B,D) magnification: × 5000. Pore
size distribution in the honeycomb films is shown in (F). Insets in (A,C,E): SEM images
(left top corners) at a higher magnification × 3000 and micrographs of water droplets
(right bottom corners) with the measured water contact angles. (G) Model of two adjacent
hexagonal unit cells containing pores with size D and rim size d. (H) Schematic crosssections of honeycomb films with two different pore sizes.
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Cell-matrix adhesion is a critical step for anchorage-dependent cell proliferation,
differentiation, gene expression, and tissue development and organization, and these
processes are determined by the chemical, topographical, and mechanical characteristics
of the matrix [28,29]. Although the dry honeycomb films demonstrated higher
hydrophobicity, this effect did not function as all the films were rinsed in culture media
prior to cell seeding. The topographical factor was dominant as PCLTA networks varied
little in terms of chemical structure and mechanical properties. Figure 4.2A shows
MC3T3-E1 cell images after 1-day culture on both flat and honeycomb films of photocured PCLTA. Both pore sizes were subcellular and cells could spread over many pores
without showing preferred elongation. The cytoskeletal images on the flat films showed
features indicative of motile cells with very few stress fibers, whereas cells were partially
trapped in the pores and had more protrusions and better spreading on the honeycomb
films with the pore size of 5.6 μm. The smaller pore size of 3.0 μm could induce even
more well-defined stress fibers, protrusions, and filopodia. Cell nuclear circularity
calculated using the equation of 4π × area/perimeter2, with a measure of 1 indicating a
perfect circle, did not change much on different substrates. Nevertheless, as a result of
cytoskeletal rearrangements by the underlying pores, cell nuclear area at day 2 increased
from 199 ± 26 μm2 on the flat films to 318 ± 71 and 345 ± 71 μm2 on the honeycomb
films with pore sizes of 5.6 and 3.0 μm, respectively. Nuclear size and shape are
important for cell function and thus nuclear expansion found here could enhance
mineralization and expression of bone-specific differentiation markers, similar to the
effect of geometrical constraint and alignment of nuclei [19,30-32].
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Figure 4.2 (A) Fluorescent images of MC3T3-E1 cells stained with RP (red) and DAPI
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Meanwhile, vinculin-stained cell images in Figure 4.2A showed more focal
adhesions (FAs) on the honeycomb films compared with the flat ones, and smaller pores
could induce even more. FAs on the honeycomb films were distributed not only on cell
periphery but also along the pore edges as cells could sense the surface features and
detect the proteins distributed on the honeycomb films, consistent with earlier reports
[10,12]. The FA area and density (Figure 4.2B), which was defined as the number of FAs
per cell, on the honeycomb films were substantially larger than those on the flat films and
they further increased with decreasing the pore size from 5.6 to 3.0 μm. Calculated using
the same equation for nuclear circularity, the FA circularity values were lower on the
honeycomb films, indicating better alignment. FAs, the closest contacts between cells and
substrata, have a rectangular shape with a length of 1-5 μm and preferred to attach in an
oriented manner along the pore edges [33,34]. After cell adhesion with aligned FAs, actin
filaments or stress fibers in cells can also be aligned [33,34].
As discussed in earlier paragraphs, subcellular pores with a smaller size have a
larger surface area over which cells can adhere and a higher total length of pore edges per
projected area for cells to gain leverage and enhance adhesion by inserting their plasma
membrane lamellipodia and filopodial extensions [11]. When the pores were smaller, the
radius of curvature was smaller for the pore edge and the spherical cap inside the pores,
rendering a sharper discontinuous region between the flat-tops and pores for cells to
move around the pores instead of entering [35]. On another side, because direct adjacent
cell-cell contact is required for cell growth, signaling, and survival, cell separation by the
overcellular pores may be detrimental to these processes [11]. When the pore size was
smaller than 1 μm (100-500 nm), MC3T3-E1 cells seeded on porous silica films prepared
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using the inverse-opal method were elongated on the narrow rims but the proliferation
was inhibited by the pores [14]. When the pore size was in an even lower range of 15-100
nm, a length scale of surface topography at 15 nm was found for best supporting
mesenchymal stem cell adhesion, proliferation, migration, and differentiation on TiO2
nanotube surfaces, as this spacing seems optimal for integrin assembly into FAs [36,37].
Osteoblasts could recognize ECM ligands, such as collagen, laminin, fibronectin,
and vitronectin, and anchor on substrate surface via integrin receptors, which mediate
subsequent cell adhesion, migration, proliferation, and differentiation [28]. Osteoblasts
generally express integrin subunits β1, β3, β5, α1, α2, α3, α4, α5, α6, and αv [38,39]. To
correlate with the cell adhesion results, integrin expression was performed on the
subunits α1, α2, and β1, which are closely related to formation of FAs. Figure 4.2C
showed that the honeycomb films could foster the expression levels of all these three
integrin subunits, especially when the pore size was 3.0 μm. Binding of α1β1 and α2β1 to
type-I collagen (COL I), which is the most abundant bone matrix protein, is known to
regulate osetoblastic differentiation, whereas subunit β1 is responsible for attachment to
fibronectin or COL I [29,39].
As consequences of cell adhesion, MC3T3-E1 cell spreading, proliferation,
differentiation, and gene expression were all influenced by the honeycomb pattern and
pore size. Cell proliferation was characterized using SEM micrographs and fluorescent
images of the cells (Figure 4.3A) and cell densities (Figure 4.3B), which were counted
directly from nuclei at different culture time periods up to 4 days. Cells on the
honeycomb films exhibited greater spreading and flattening with a higher density than
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those on the flat ones. The trend was more significant on the films with smaller pores, in
agreement with the earlier reports that the highest cell proliferation occurred when the
pore size was the smallest (3-5 μm) among the studied ranges [10,11]. The average cell
area at day 1 was 1660 ± 380 μm2 on the flat film and it increased significantly (p < 0.05)
to 2460 ± 690 and 2730 ± 630 μm2 for the honeycomb films with pore sizes of 5.6 and
3.0 μm, respectively. MC3T3-E1 cell proliferation over 4 days on the honeycomb films
was faster than that on the flat films. Significantly faster cell proliferation on the
honeycomb films with the smaller pores (3.0 μm) was observed after day 2. Similar to the
present result, the fastest fibroblast proliferation was reported on quartz surfaces with 7μm pores, which were the smallest in that study [35]. However, OCT-1 osteoblast-like
cell proliferation over 2 days on micropit polystyrene surfaces was reported not to be
significantly enhanced compared with the smooth surface [15]. This discrepancy might
be due to differences in cell type, surface porosity, and cell density, which decided if cells
could be greatly influenced by the pores instead of only staying largely undisturbed on
the flat-top area. After 14-day culture, the alkaline phosphatase (ALP) activity and
calcium content of MC3T3-E1 cells (Figure 4.3C) as two indicators of osteogenesis were
higher on the honeycomb films than those on the flat films, especially for the smaller
pores.
The results from both real-time polymerase chain reaction (PCR; Figure 4.3D)
and reverse transcriptase (RT)-PCR (Figure 3E) showed that expression of ALP,
osteocalcin (OCN), osteopontin (OPN), and COL I on the honeycomb films was
upregulated compared with those on the flat films, especially for ALP and OCN. In cell
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and tissue development in bone formation, different differentiation-related genes reach
their highest expression levels in different subsequent periods: proliferation, matrix
maturation, and mineralization [38,40]. ALP and COL I are two early-stage markers of
osteogenesis and they express best in matrix maturation which occurs after 7-day culture,
whereas the expression of OCN maximizes during mineralization [40]. Because the
present results were obtained at day 14 post-seeding, the relative expression levels of
ALP and COL I were significantly lower than those of OCN and OPN. The upregulated
gene expression on honeycomb films can be attributed to enhanced formation of integrin
clusters and FAs, and enlarged cell nuclei via direct cell mechanotransduction induced
topographically [3,4].
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Figure 4.3 (A) SEM images at day 1 and fluorescent images of MC3T3-E1 cells with
cytoplasm stained with RP (red) and nuclei stained with DAPI (blue) at days 1, 2, and 4
post-seeding. The scale bar of 50 μm is applicable to all SEM images (magnification: ×
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Proliferation of MC3T3-E1 cells cultured on flat and honeycomb film represented by the
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honeycomb film with pore size of 5.6 μm. (D,E) Relative gene expression levels of ALP,
OCN, OPN, and COL I to GAPDH using real-time PCR (D) and RT-PCR (E). #: p < 0.01;
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4.4 Conclusions
Honeycomb films of photo-cured PCLTA with different pore sizes have been
fabricated by incorporating the breath-figure method with photo-curing. It is a facile
method for generating substrates to mimic bone topography and enhance bone growth. In
addition, this method can be further extended to large-area stereolithographic production.
Two different pore sizes of 5.6 and 3.0 μm were achieved by modulating the airflow rate:
the faster airflow resulted in the smaller pores. The honeycomb films, especially those
with smaller pores, could significantly promote MC3T3-E1 cell adhesion, spreading,
proliferation, ALP activity, mineralization, and gene expression of osteoblastic markers,
via fostering expression of integrin subunits.
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CHAPTER V
PHOTOCROSSLINKED HONEYCOMB-PATTERNED FILMS
WITH SUBMICRON PORES FABRICATED USING
MONODISPERSE SILICA NANOPARTICLES AS TEMPLATES
FOR REGULATING MC3T3-E1 CELL FUNCTIONS

5.1 Introduction
Understanding the interactions between cells and substrates is critical to
developing advanced biomaterials for tissue engineering applications. When cells are
exposed to an implant, they can sense the surrounding physicochemical characteristics
such as topography, chemistry, and mechanics, which are associated with cell adhesion,
migration, proliferation, and differentiation, especially for anchorage-dependent cell
lineages.[1-3] In vertebrate body, widely existing basement membranes composed of
various extracellular matrix (ECM) proteins, such as laminin, fibronectin, and fibrous
collagen, supply integrin receptors to determine cell fate.[4,5] Micrometric or nanometric
topographies such as pores, ridges, pillars, and spheres are the dominant structural
features of basement membranes and they contribute to cell-matrix interactions via
contact guidance. Substrates with grooves, pores, pillars, or spheres have been fabricated
to mimic the topography of basement membranes in regulating cell behavior.[6-8]
Honeycomb-patterned poly(ε-caprolactone) (PCL) films with various pore
diameters have been fabricated via the breath-figure method from water-immiscible
solvents with assistance of amphiphilic copolymers.[9-12] The adhesion, spreading, and
proliferation of various cell lineages on these honeycomb-patterned PCL films were also
studied. Adhesion of cardiac myocytes and endothelial cells on honeycomb-patterned
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PCL films was regulated by the porous structures through the distribution of fibronectin
adsorption.[9] The adhesion and growth of epidermal keratinocytes and dermal
fibroblasts were enhanced on honeycomb-patterned PCL films (pore size, 3~20 μm) and
the best promotion was found when the pores were 3~5 μm.[10] Neural stem cell
differentiation on honeycomb-patterned PCL films (pore size, 3~15 μm) was suppressed
by the pores and the pore edges guided neurite extension.[11] Chondrocyte proliferation
was inhibited on honeycomb-patterned poly(lactic acid) (PLA) films prepared via the
breath-figure method with assistance of a surfactant.[13] Fibroblasts showed higher
viability on honeycomb-patterned PCL films (pore size, 4 μm or 1 μm) prepared using
silica microspheres as the template compared with the flat one.[12] Mouse preosteoblastic MC3T3-E1 cell adhesion, attachment, proliferation, mineralization, and the
expression of osteoblastic differentiation-related gene markers were found by us to be
enhanced on honeycomb-patterned PCL films (pore size, 3~12 μm) prepared using the
breath-figure method from a water-miscible solvent, tetrahydrofuran (THF), in particular,
films with smaller pores.[6] Despite the extensive studies discussed above, they only
focused on the micron-sized pores, except the study on the effect of macroporous
hydroxyapatite (HA) and alumina films (pore size, 100~1000 nm) on MC3T3-E1 cell
functions, which were inhibited when the pores ranged from 100 to 1000 nm compared
with non-porous films.[14] Thus there is a straightforward but elusive question about
whether or not there exists a range of pore size to achieve the best promoted MC3T3-E1
cell functions on.
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In this report, we present a method to fabricate honeycomb-patterned photocrosslinked PCLTA films with pore diameters of 43, 93, 322, and 725 nm using
monodisperse silica nanoparticles as the templates. Then these films were used to study
how the pore size affectsMC3T3-E1 cell adhesion, proliferation, mineralization, and gene
expression.

5.2 Experimental Section
5.2.1 Reagents

Chemicals used here were purchased from Sigma-Aldrich unless noted otherwise.
Pure ethanol 200 Proof was purchased from Decon Labs Inc.
5.2.2 Fabrication of Monodisperse Silica Nanoparticles

Monodisperse silica nanoparticles with diameters of 43, 93, 322, and 725 nm
were prepared using an adapted Stober seed-growth method as described in a previous
report.[15] Briefly, ethanol (80 mL), distilled water (4.85 mL) and 28.0-30.0%
ammonium hydroxide solution (3.21 mL) were added to a 250 mL flask and gradually
heated to a temperature (discussed below) with continuous stirring at 500 rpm. Then a
mixture of tetraethyl orthosilicate (TEOS) (3.1 mL) and enthanol (8 mL) was added to
the solution and maintained with the same stirring and temperature for 5 h to obtain a
suspension of silica nanoparticles. Monodisperse silica nanoparticles with diameters of
43 and 93 nm were prepared at temperatures of 55 and 45 °C, respectively. The 93 nm
silica nanoparticles were further used as the seeds for preparing the ones with diameters
of 322 and 725 nm. For preparation of the 322 nm silica nanoparticles via seed-growth,
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ethanol (70 mL), pure water (13 mL), and ammonium hydroxide solution (6.7 mL) were
added to the suspension of the 93 nm silica nanoparticles (10 mL) in a 250 mL flask at 45
°C. Then 1 mL of TEOS was slowly added to the reaction mixture in the presence of
continuous stirring. TEOS was added again every hour until the expected size of silica
nanoparticles was achieved. The total volume of TEOS used in the reaction was 9 and 14
mL for synthesizing 322 and 725 nm silica nanoparticles, respectively. After the reaction,
the suspension of silica nanoparticles was centrifuged at 10000 rpm for 5 min and resuspended in ethanol for further use.

Scheme 5.1 Schematic representation of the fabricating method for honeycomb-patterned
PCLTA films. The PCLTA polymer film was melted on glass slide at 60 °C and covered
by glass slide with nanoparticles. After the films were cooled down to room temperature,
the photocrosslinking reaction was triggered by UV light (λ = 315-380 nm) for 30 min.
Then the embedded silica nanoparticles in photo-crosslinked PCLTA films were etched
out in 0.5 M hydrofluoric acid (HF) to obtain honeycomb-patterned PCLTA films.
5.2.3 Preparation of Photo-crosslinkable Honeycomb-patterned PCLTA Films

PCLTA (Mn = 20,020 g mol-1, Mw = 22,670 g mol-1) was synthesized in our lab
according to a previous report.[16] Photo-initiator phenyl bis(2,4,6-trimethyl benzoyl)
phosphine oxide (BAPO, IRGACURE 819) was supplied as a gift by Ciba Specialty
Chemicals (Tarrytown, NY). PCLTA and BAPO were dissolved in distilled THF at 50
and 0.5 mg mL-1, respectively. The PCLTA/BAPO solution was cast on a clean glass
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slide and covered with another glass slide to prepare thin PCLTA films (thickness, ~ 1
mm) with flat surfaces, followed by gradual drying in air. Silica nanoparticle suspension
in ethanol was dip-cast on a clean glass slide and ethanol was slowly evaporated in air
and then completely dried in vacuum to obtain silica nanoparticle layers. An as-prepared
PCLTA film was melted at 60 °C with the film top covered with the dried silica
nanoparticle layers on a glass slide. After the films were cooled down to room
temperature, they were exposed to UV light (λ = 315-380 nm) for 30 min. Then the
embedded silica nanoparticles in photo-crosslinked PCLTA films were etched by
immersing in 0.5 M hydrofluoric acid (HF) overnight and cleaned with ethanol three
times, followed by drying in vacuum. The representative procedure was simply shown in
scheme 1.
5.2.4 Physical Characterizations

The as-prepared silica nanoparticle layers on glass slides and the as-fabricated
photo-crosslinked PCLTA films were sputter-coated with a gold-palladium layer
(Emscope SC 500, Elexience) before the surface topography was observed using
Scanning Electron Microscopy (SEM; S-3500, Hitachi Instruments, Tokyo, Japan) at an
accelerating voltage of 2 kV. The PCLTA network was confirmed by measuring the gel
fraction. The polymer films with the original weight of W0 were immersed in excessive
CH2Cl2 for 2 days and then dried completely in vacuum before they were weighed as Wd.
The gel fraction was calculated using Wd/W0 ×100%.
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5.2.5 Water Contact Angle and Protein Adsorption

Prior to determination of water contact angle and protein adsorption, the polymer
films were dried thoroughly in vacuum. Water contact angles were measured after the
water droplets were stable on the polymer films using a Ramé-Hart NRC C.A.
goniometer (model 100-00-230) at room temperature. For determining protein adsorption,
the polymer films were immersed in the culture medium for MC3T3-E1 cells or
fibronectin/phosphate buffered saline (PBS) solution (10 μg mL-1) for 4 h at 37 °C. Then
the films were rinsed with PBS several times to remove unattached proteins and
subsequently immersed in 300 mL of 1% sodium dodecyl sulfate (SDS) solution 5 times
with 1 h interval each time to collect proteins. The protein concentrations in the SDS
solutions were measured using a MicroBCA protein assay kit (Pierce, Rockford, IL) on a
microplate reader (SpectraMax Pus 384, Molecular Devices, Sunnyvale, CA). A standard
calibration curve was plotted using eight albumin solutions with known concentrations.
Albumin was from the MicroBCA kit and the procedure was according to the
manufacturer’s instruction. .
5.2.6 In vitro Cell Attachment and Proliferation

Mouse MC3T3-E1 cells (ATCC, Manassas, VA) were cultured as described
previously.[6,17] The polymer films were immersed in 70% alcohol solution for 2 × 30
min to first clean the surfaces and then sterilized in 70% alcohol solution again for 2 × 20
min, followed by complete drying in high vacuum overnight. Cells were seeded on the
polymer films at a density of ~12000 cells/cm2 and cultured in α-Minimum Essential
Media (α-MEM, Gibco) that contained 10% fetal bovine serum (FBS, Gibco) and 1%
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penicillin/streptomycin (Gibco) in an incubator with humidity of 95% and 5% CO2 at 37
°C. At each time point, cell numbers on the polymer films were determined using a
colormetric cell metabolic assay (CellTiter 96 Aqueous One Solution, Promega, Madison,
WI), as elaborated in a previous report.[18]
5.2.7 Immunofluorescence Microscopy and Cell Morphology

MC3T3-E1 cells on the polymer films were fixed in 4% paraformadehyde (PFA)
solution for ~20 min and rinsed with PBS twice after the removal of PFA solution. The
fixed cells were further permeabilized with 0.2% (v/v) Triton X-100, washed with PBS
twice, and stained with rhodamine-phalloidin (RP) for 1.5 h at 37 °C and 4’,6-diamidino2-phenylindole (DAPI) at room temperature. An Axiovert 25 light microscope (Carl
Zeiss, Germany) was used to photograph the cytoskeleton and nuclei. For observation of
focal adhesions (FAs), cells were stained via incubation with mouse monoclonal antivinculin antibody (V9246, Sigma-Aldrich) for 1 h and then stored at 4 °C overnight.
Afterwards, cells were rinsed with PBS more than 10 times. The FAs in the cells were
labeled by incubating the cells with anti-mouse IgG-FITC antibody (F0257, Sigma) for 4
h. The cells were also stained with RP using the procedure described above. The FAs and
cytoskeleton in the cells were photographed using a confocal microscope (SP2, Leica).
For SEM observation, cells cultured on the polymer films for 1 day were fixed with PFA
and rinsed with PBS twice. The samples were further dehydrated with gradient ethanol
solutions (30%, 50%, 60%, 70%, 80%, 90%, 95%, and 100%) for 10 min at each
concentration. Then the cells were dehydrated in a mixture (1:1, v/v) of ethanol and
hexamethyldisilazane (Electron Microscopy Science, Hatfield, PA) and subsequently in
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100% hemamethyldisilazane. The samples were completely dried in air overnight and
sputter-coated with a gold-palladium layer before SEM imaging.
5.2.8 In vitro Cell Mineralization

After 14-day culture, the polymer films with cells were rinsed with PBS to
remove unattached cells. Then the attached cells were trypsinized and collected using
centrifugation at 1000 rpm for 4 min. The cell pellet was re-suspended in PBS and
centrifuged again at the same condition. Then the collected cell pellet was suspended in 1
mL of 0.2% Nonidet P-40 solution and sonicated in ice water for 2 min. The alkaline
phosphatase (ALP) activity and calcium content of the cells were determined using an
ALP detection kit (Sigma, St. Louis, MO) and a QuantiChrom calcium assay kit
(BioAssay Systems, Hayward, CA), respectively.
5.2.9 Gene Expression

RNA was isolated from the cells cultured on the polymer films for 14 days using
an RNeasy Mini Kit (Qiagen, Valencia, CA) and then cDNA was synthesized from the
RNA using a cDNA synthesis kit (Thermo Scientific) according to the manufacturer’s
instruction. The expression of integrin subunits (α1, α2, and β1) and glyceraldehyde-3phosphate dehydrogenase (GAPDH) in the cells cultured on the polymer films for 1 day,
and the expression of three osteoblastic differentiation markers, i.e., ALP, osteocalcin
(OCN), and osteopontin (OPN), in the cells cultured on the polymer films for 14 days
was quantified using real-time polymerase chain reaction (PCR) with a Power SYBR
Green PCR Master Mix (Applied Biosystems, Carlsbad, CA) and recorded on a thermal
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cycler with fluorescence detection systems (PTC-200, MJ Research). The oligonucleotide
primers for real-time PCR reaction were listed in Table 3.1.
5.2.10 Statistical Analysis

Cell studies were conducted in quadruplicates for each group at each time point.
All values were written as mean ± standard deviation. The measurement of cell area and
the quantification of FAs were conducted on ~20 images (~200 cells) using ImageJ
software (National Institues of Health, Bethesda, MD). The statistical significant
differences (p < 0.05 and p < 0.01) between groups were determined using student’s t-test.

5.3 Results and Discussion
The morphologies of the silica nanoparticles and honeycomb polymer films with
different pore diameters fabricated using the nanoparticles as the templates are
demonstrated in SEM images in Figure 5.1. The smallest the nanoparticles had a diameter
of 47 ± 5 nm. When more TEOS was added to the reaction solution, the diameter of the
nanoparticles increased to 103 ± 9, 335 ± 28, and 756 ± 71 nm, as shown in Figure 1a.
The pores in the honeycomb films in Figure 1b were fairly monodisperse and their
structure and size were close to those of the template nanoparticles. The smaller pore
diameters of 725 ± 63, 322 ± 53, 93 ± 7, and 43 ± 4 nm in the honeycomb polymer films
compared with their corresponding nanoparticles was because that the pores appeared on
the top surface were not exactly from hemispheres. There were structural defects, i.e., a
few small regions without pores, on the honeycomb surface because some fully embeded
nanoparticles might not be etched away by HF acid. The gel fractions of the flat, solid
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photo-crosslinked PCLTA film and the honeycomb-patterned ones were ~83% without
significant differences among them, indicating that they all were well crosslinked.
The topography can influence the wettability of polymer films.[19-21] As
demonstrated in Figure 1b, the water contact angles were 128.3 ± 4.5°, 126.2 ± 3.3°,
125.7 ± 5.1°, and 123.5 ± 3.7° when the pore diameter was 725, 322, 93, and 43 nm,
respectively. Pores on the film surface can efficiently generate air pockets between the
water droplet and the surface when the water droplet contacting the porous film is larger
than the pore. Air pockets can increase the hydrophobicity of a polymer film. The water
contact angle (θ) on a honeycomb polymer film can be predicted using the Cassie and
Baxter model in eq. 1.[13,19-21]
cosθ = (1 – fo) cosθs + fo cosθo

(1)

where fo is the fractional flat geometrical area of liquid-air interface beneath a water
droplet, θs is the water contact angle on the smooth surface of photo-crosslinked PCLTA,
which was determined to be 75.8 ± 2.9°, and θo is the water contact angle of 180° on the
pore filled with air. When the pore diameters were 725, 322, 93, and 43 nm, the rim sizes
measured from the SEM images in Figure 1b were 65 ± 15, 45 ± 8, 15 ± 2, and 7 ± 2 μm,
and the fo values were calculated to be 0.601, 0.600, 0.590, and 0.585, then the water
contact angles predicted using eq. 1 were 120.2°, 119.8°, 119.1°, and 118.3°, respectively.
Although the predicted values were smaller than the experimental data, it showed higher
hydrophobicity on the larger pores. In our earlier study on honeycomb PCL films, the
water contact angle increased from 72.6 ± 1.8° on the smooth film to 104.0 ± 1.4°, 113.5
± 2.1°, and 136.4 ± 4.4° on the films with 10, 6.0, and 3.5-μm pores, respectively.[14] In
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that study, fo increased from 0.528 to 0.553 and 0.592 when the pore diameter decreased
from 10 to 6.0 and 3.5 μm, respectively. In contrast, in this study, fo and the water contact
angles decreased with decreasing the pore diameter.

Figure 5.1 SEM images of (a) silica nanoparticles with different diameters and (b)
honeycomb-patterned photo-crosslinked PCLTA films fabricated using nanoparticles as
templates. Magnification: × 20000. Insets in (a): magnification of × 50000. Insets in (b):
micrographs of water droplets on the films marked with the water contact angles.

For anchorage-dependent cells, e.g., MC3T3-E1 cells, ECM proteins such as
fibronectin, vitronectin, and type-I collagen are critical to early-stage cell adhesion when
a substrate is exposed to cells for interaction and ECM protein adsorption can be
influenced by substrate chemistry and morphology.[3] Our earlier study showed that the
surface area was larger when the pores were smaller as the result of a higher fo and
consequently the amount of proteins adsorbed on honeycomb PCL films with smaller
pores was higher.[6] In this study, fo decreased with decreasing the pore diameter because
of the formation of larger flat-top area fraction caused by the rim size. Based on the
rough assumption that the pores were hemispheres and their diameters, the ratios (Rs) of
the entire surface area to the projected area were calculated to be 1.0, 1.81 ± 0.16, 1.62 ±
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0.13, 1.55 ± 0.11, and 1.52 ± 0.14 on the solid film and honeycomb films with pore
diameters of 725, 322, 93, and 43 nm, respectively. As the result, the honeycomb film
with larger pores has a greater contact area with serum proteins in the culture media. As
shown in Figure 5.2, both serum proteins and fibronectin were adsorbed more on the
honeycomb films than on the solid one. The protein adsorption was slightly higher on the
films with smaller pores but without significant difference. The serum protein adsorbed
was 2.2 ± 0.6, 10.8 ± 1.4, 9.8 ± 1.3, 9.6 ± 1.7, and 9.5 ± 1.4 μg/cm2 while the fibronectin
adsorbed was 1.2 ± 0.3, 5.9 ± 0.8, 5.5 ± 0.7, 5.2 ± 0.4, and 5.3 ± 0.3 μg/cm2 on the solid
film and honeycomb films with pore diameters of 725, 322, 93, and 43 nm, respectively.
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Figure 5.2 Adsorption of serum proteins and fibronectin onto the solid film and the
honeycomb ones with different pore diameters. #: p < 0.01 relative to the solid film.
MC3T3-E1 adhesion at day 1 was evaluated using vinculin/RP-stained
fluorescent images, characterization of FAs, which are the closest contacts between cells
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and the underlying substrate, and integrin expression.[22,23] As shown in the images in
Figure 5.3a, the cells had significantly more FAs on the honeycomb films, especially
when the pore diameter was smaller, compared with cells on the solid film. The FA
length was estimated to be 2-8 μm and was much larger than the pores. Thus, the FAs on
the honeycomb films did not show preferable alignment along the pore rims, which was
present in MC3T3-E1 cells cultured on honeycomb PCL films with pore diameters of
3.5~10 μm.[6] As demonstrated in the RP-stained images, cytoskeleton on the solid film
had few stress fibers and protrusions while it had prominently better stress fibers and
protrusions projecting from the cell bodies on the honeycomb ones. Unlike our previous
finding that MC3T3-E1 cells were trapped in 10 or 6 μm pores on honeycomb PCL
films,[6] it was not observed in this study because the pores were much smaller than the
cytoskeleton. The vinculin-stained images at a higher magnification in Figure 5.3a
indicated that the FAs on the honeycomb films were longer and more aligned than those
on the solid film, especially when the pores were smaller.
Determined from the vanculin-stained images, the average area of the FAs, the
FA density defined as the average number of FAs per cell, and the circularity of FAs
defined as 4π × area/perimeter2 are shown in Figure 5.3b. The average area and density
of FAs on the honeycomb films were much larger than those on the solid one, especially
when the pores were smaller. The circularity of FAs decreased significantly with
decreasing the pore diameter, indicating that FAs were better aligned on smaller pores.
The FA-ECM interaction involves integrins, i.e., transmembrane heterodimers of an αsubunit and a β-subunit, to bridge osteoblasts and ECM proteins such as fibronectin,
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vitronectin, and type-I collagen through “outside-in-signaling” and “inside-outsignaling”.[24,25] Thus integrins play a

key role in determining cell adhesion,

proliferation, and differentiation. Here we determined the expression levels of integrin
subunits α1, α2, and β1 using real-time RT-PCR, as shown in Figure 5.3c. The expression
levels of all these three integrin subunits on the honeycomb films were significantly
higher than on the solid, especially when the pores were smaller.
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Figure 5.3 (a) Fluorescent images of vinculin-stained MC3T3-E1 cells on the polymer
films at day 1 (left and right columns, green) and merged ones (middle column) with the
cells stained using RP. The images in the right column are magnified views of the dotted
areas in the left column. The scale bars in the first row are applicable to the images in the
same columns. (b) Area, density, and circularity of FAs in the cells cultured on the
polymer films for 1 day. *: p < 0.05 relative to the solid film; #: p < 0.01 relative to the
solid film and the honeycomb films with pores of 725 and 322 nm; ^: p < 0.05 relative to
the solid film and the honeycomb films with pores of 725 nm. (c) Expression of integrin
subunits α1, α2, and β1 in the cells cultured on the polymer films for 1 day. *: p < 0.05
relative to the solid film; #: p < 0.01 relative to the solid film and the honeycomb film
with pores of 725 nm; ^: p < 0.05 relative to the honeycomb film with pores of 322 nm.

MC3T3-E1 cell adhesion was also demonstrated using SEM images in Figure 5.4.
More cells were observed on the honeycomb films, especially when the pores were
smaller. Cells on the solid film were still spreading with a large thickness and few
filopodia, whereas the cells on the honeycomb ones, especially with smaller pores, spread
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much better with a smaller thickness and many filopodia projecting from the cell
membrane.

Figure 5.4 SEM images of MC3T3-E1 cells at day 1 on the solid film and the honeycomb
films with different pore diameters. The images in right column are magnified images of
the dotted areas in the left column. Magnification: × 500 (left column) and × 10000 (right
column).
Cells interact with micro/nano-topographic features on the underlying substrate
via “contact guidance”.[4,5,7,8] Although the honeycomb films had higher surface area
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and higher protein adsorption, which might enhance cell adhesion, MC3T3-E1 cell
adhesion was even lower on the films with larger pores that adsorbed more serum
proteins. Since cells were not trapped inside the pores, mainly the proteins adsorbed on
the flat-tops influenced cell adhesion. Assuming that the surfaces of the flat-tops and
inside the pores had the same capability of adsorbing proteins, we calculated the proteins
adsorbed on the flat-tops as a fraction (1- fo)/Rs of the total amount of adsorbed proteins.
Then the amounts of serum proteins adsorbed on the flat-tops were 2.38 ± 0.15, 2.45 ±
0.12, 2.54 ± 0.11, and 2.60 ± 0.13 μg/cm2 while the amounts of adsorbed fibronectin
were 1.30 ± 0.06, 1.34 ± 0.05, 1.38 ± 0.04, and 1.42 ± 0.05 on the honeycomb films with
pores of 725, 322, 93, and 43 nm, respectively. These data showed that protein adsorption
was slightly better on the flat-tops of the honeycomb films than on the solid one. In our
previous study, smaller pores resulted in lower protein adsorption on the flat-tops of
honeycomb PCL films with pores diameters of 3.5 and 6.0 μm but MC3T3-E1 cells
showed much better adhesion on the films with smaller pores.[6] Fibril-like fibronectin
aggregates were observed around the periphery of the pores in honeycomb-patterned PCL
films to determine the distribution of FAs in the cells.[9,10,26-28] Nevertheless, the
pores in the previous studies were at micrometer scale. It is unclear if the submicron
pores in the present study influenced the distribution of ECM proteins. In addition, only
the proteins adsorbed and could not be rinsed away on the films were counted but the
entire films were immersed in the culture media in cell studies. The pores might hold
unattached ECM proteins inside, which might be released gradually to support cell
adhesion when cells spread over these pores.
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Better cell adhesion on the honeycomb films with smaller pores subsequently
resulted in enhanced cell proliferation.[24] Cell attachment at 4 h and proliferation over 4
days were investigated using both fluorescent images and MTS assay, as shown in Figure
5.5a,b. Consistent with the SEM images in Figure 5.4, more cells were found on the
honeycomb films than on the solid one, especially when the pores were smaller. Cells at
day 4 were confluent over the films without being trapped inside the pores of the
honeycomb films. As shown in Figure 5.5b, cell attachment and proliferation were higher
on the honeycomb films than on the solid one., Cell spread area in Figure 5.5c was
measured from the fluorescent images at day 1 using ImageJ and the values on the
honeycomb films, especially the ones with smaller pores were higher.
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Figure 5.5 (a) Fluorescent images of MC3T3-E1 cells stained with RP (red) and DAPI
(blue) at days 1, 2, and 4 on the solid film and the honeycomb films with different pore
diameters. Scale bar of 100 mm is applicable to all. (b) MC3T3-E1 cell attachment and
proliferation on the films represented by cell numbers at 4 h, days 1, 2, and 4. ^: p < 0.05
relative to the solid film; #: p < 0.01 relative to the solid film; *: p < 0.05 relative to the
honeycomb film with pores of 725 nm; +: p < 0.01 relative to the honeycomb film with
pores of 725 nm. (c) Cell spread area on the films at day 1. ^: p < 0.05 relative to the
solid film; #: p < 0.01 relative to the solid film; +: p < 0.01 relative to the solid film and
the honeycomb films with pores of 725 and 322 nm.
MC3T3-E1 cell nuclei stained with DAPI were analyzed using ImageJ in terms of
circularity and area. As shown in Figure 5.6, cell nuclei on all the films showed a nearly
round shape with a circularity of ~0.9, indicating that there was no preferential alignment
along a specific direction. However, the nuclei on the honeycomb films were larger,
especially when the pores were smaller. The value increased continuously from 215 ± 21
μm2 on the solid film to 257 ± 32, 276 ± 51, 293 ± 48, and 325 ± 73 μm2 on the
honeycomb films with pores of 725, 322, 93, and 43 nm, respectively. This nuclear
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expansion was caused by the expansion in cytoskeleton through mechanotransduction as
cytoskeleton spread much better on the honeycomb films with smaller pores discussed
earlier.[7,8,29,30] In mechanotransduction, the stress in the actin structure immediately
transferred to intermediate filaments and further to cell nuclei.

Figure 5.6 MC3T3-E1 cell nuclei stained with DAPI at day 1 on the solid film and the
honeycomb ones with different pore diameters. Scale bar of 100 μm is applicable to all
the images.
The higher cell adhesion on the honeycomb films, especially those with smaller
pores also promoted MC3T3-E1 cell mineralization. As shown in Figure 5.7a, the ALP
activity and calcium content of MC3T3-E1 cells cultured for 14 days, two indicators of
osteogenesis, were significantly higher on the honeycomb films than on the solid one and
the values increased with decreasing the pore diameter. The expression levels of three
bone-specific differentiation markers, ALP, OCN, and OPN, are shown in Figure 5.7b.
Consistent with the ALP activity and calcium content, the expression levels of ALP,
OCN, and OPN on the honeycomb films were higher than on the solid one, especially
when the pores were smaller. The low expression level of ALP at day 14 was because
ALP is an early-stage marker of osteogenesis and reaches maximum in the matrix
maturation stage at day 7.[25,31] In contrast, the much higher expression levels of OCN
and OPN were because they are mature bone-specific markers and reach maximum or
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continue to grow in the mineralization stage that happen at day 14. [21,31] The above
results in MC3T3-E1 cell differentiation and mineralization can be attributed to two
reasons. The first reason was that MC3T3-E1cell adhesion was promoted by the
honeycomb films, especially those with smaller pores, and such promotion was extended
to cell proliferation, which resulted in a higher cell population for beginning cell
differentiation and mineralization earlier on the small-pore films. The second reason was
that expansion of MC3T3-E1 cell nuclei on the honeycomb films could upregulate the
expression of bone-specific gene markers.[17,32-34] In our previous studies, MC3T3-E1
cell skeleton and their nuclei were deformed (either expansion or aligned) and correlated
with enhanced mineralization on CaCO3 grooves and honeycomb PCL films compared
with flat CaCO3 and solid PCL films, respectively. [6,17]
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Figure 5.7 (a) ALP activity and calcium content of MC3T3-E1 cells cultured for 14 days
on the solid film and the honeycomb films with different pore diameters. ^: p < 0.05
relative to the solid film; #: p < 0.01 relative to the solid film; *: p < 0.05 relative to the
honeycomb films with pores of 725 nm; (b) Gene expression levels of ALP, OCN, and
OPN relative to GAPDH in MC3T3-E1 cells cultured for 14 days on the films. ^: p <
0.05 relative to the solid film; #: p < 0.01 relative to the solid film; *: p < 0.05 relative to
the honeycomb films with pores of 725 nm; +: p < 0.01 relative to the honeycomb films
with pores of 725 nm.

5.4 Further Discussion
For different cell types, their responses to honeycomb substrates can be different.
For example, epidermal keratinocyte and dermal fibroblast cell adhesion and proliferation
were higher on honeycomb PCL films with pores of 3 and 5 μm than on the flat film and
films with 15 or 20 μm pores.[10] Diferrently, chondrocyte proliferation was slower on
honeycomb PLA films with pores of 5 μm than on the flat film.[12]
For MC3T3-E1 cells, we reported that the cells preferred to adhere and proliferate
on honeycomb PCL films than on the solid one, especially when the pores were smaller
in the range of 3-10 mm.[6] This trend was found in the present study to be extended to
the range of 43 to 725 nm. Ordered macroporous silica films with pore of 100-1000 nm
were used as the underlying substrates for culturing MC3T3-E1 cells and the porous
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structures inhibited cell adhesion and proliferation, especially when the pores were
smaller.[14]
The cellular responses to honeycomb films should be understood by incorporating
pore dimension, rim size, and material properties. When the pores are larger than 6 μm,
cell filaments and protrusions can enter the pore or be partly trapped inside pores to cause
distortion of both cytoskeleton and cell nuclei. The pore size also determines the total
length of the pore edges per unit area, which provides leverage to support cell adhesion
and are “discontinuities” on the surface. Besides affecting the cell body directly, micronscale honeycomb pores also influence the cell adhesion through the distribution of
adsorbed proteins on the surface because the protein distribution has an important role in
formation of FAs during cell-substrate interactions.[9,10,26-28] When the pores are at the
nanometer scale, both FA and cytoskeleton are much larger and then the substrate
topography influence cell-substrate interactions through ECM protein adsorption and
distribution of integrins. For example, pores with a diameter of 15 nm best promoted
mesenchymal stem cell functions compared with larger or smaller pores in TiO2 porous
substrates as this pore size was optimal for integrin assembly into FAs.[35,36]
Besides the pore size, other structural parameters such as rim size and fo in
honeycomb films are also important in regulating MC3T3-E1 cell behavior. In our
previous study using micron-pore honeycomb PCL films as the substrates for MC3T3-E1
cells, fo increased from 0.528 to 0.592 with decreasing the pore size from 10 to 3.5 μm
because rim size also decreased from 3.05 ± 0.25 to 0.83 ± 0.04 μm.6 Therefore, the total
surface area of the honeycomb film increased to gather more adsorbed proteins when the
pore size decreased.6 However, this trend did not happen in the present study, in which fo
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and the total surface area also decreased when the pore diameter decreased from 725 to
43 nm because of the slower decrease of rim size. Consequently, protein adsorption was
higher on the films with larger pores instead, though the protein adsorption on the flattops of the honeycomb films was slightly better on those with smaller pores.
Note that different materials from which honeycomb films are made also affect
the cellular responses to these films. For example, the honeycomb films made from
photocrosslinked PCLTA in this study could promote MC3T3-E1 cell functions but
macroporous silica films with similar pore diameters were reported to inhibit MC3T3-E1
cell functions.14 Given the variations in structural parameters and material properties,
which oftentimes were not sufficed in literature, it is still difficult to generalize how
honeycomb films in regulating cell fate.

5.5 Conclusion
Honeycomb-patterned photocrosslinked PCLTA films with pore diameters of 43,
93, 322, and 725 nm were fabricated using monodisperse silica nanoparticles as templates.
Compared with the solid film of photocrosslinked PCLTA, these honeycomb films
promoted pre-osteoblastic MC3T3-E1cell adhesion, spreading, proliferation, and
differentiation and this promotion was more prominent on the films with smaller pores.
These honeycomb films with submicron pores serve as excellent platform for
investigating cell-material interactions and also promising materials for bone tissue
engineering applications.
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CHAPTER VI
HONEYCOMB PATTERNS AND MICROGROOVES
SYNERGISTICALLY REGULATE MC3T3-E1 CELL FUNCTIONS
6.1 Introduction
Biomimetic materials can mimic basement membranes throughout vertebrate
body with surface features such as wells, pores, grooves, and pillars at the nanometer and
micron scale. These surface features include microgrooves, pores, pillars, and posts,[1,2]
among which the former two have been used and studied more often. Adherent cells
sense and respond to the substrate topography via contact guidance and these responses
are cell-type dependent.[1-3]
Endothelial and cardiac myocyte adhesions on honeycomb-patterned poly(εcaprolactone) (PCL) films were regulated by pores as the pores influenced the
distribution of fibronectin adsorption.[4] Both adhesion and proliferation of dermal
fibroblasts and epidermal keratinocytes were promoted on honeycomb-patterned PCL
films with diameters of 3~20 μm, especially when the pores were smaller.[5] The
viability of fibroblasts on honeycomb-patterned PCL samples fabricated using silica
microspheres as the template was higher than that on flat PCL films.[6] Pre-osteoblastic
MC3T3-E1 cell adhesion, attachment, proliferation, and mineralization were promoted on
honeycomb-patterned PCL samples with diameters of 3~10 μm prepared using breathfigure method and smaller pores had a stronger effect.[3] On the other hand, neural stem
cell differentiation was suppressed on honeycomb-patterned PCL films with diameters of
3-15 μm, whereas the pore edges showed clear guidance for neurite extension.[7] In
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another study, chondrocyte proliferation was inhibited on honeycomb-patterned
poly(lactic acid) (PLA) samples.[8] The main response of cells to microgrooves is cell
alignment along the groove direction, especially when the grooves are deeper and
narrower, whereas cell attachment and proliferation are not significantly influenced.[9,10]
It is believed that cells may not sense the surface topography via focal adhesions when
the groove spacing is > 5 μm and, meanwhile, the depth is < 1 μm.[11]
Although advancement of microfabrication methods fosters cell studies on
numerous surface features, many complicated structures are still challenging to produce.
For example, how cells respond to substrates with both microgrooves and honeycomb
patterns is yet to be understood. Polydimethylsiloxane (PDMS)-based honeycombpatterned samples with hierarchal surface features have been achieved on transmission
electron microscopy template grids with various morphologies via the breath-figure
method.[12-14]
In this study, we used a tri-block amphiphilic copolymer synthesized recently by
us and incorporated the breath figure method with replica molding to fabricate
complicated substrate structures for regulating MC3T3-E1 cells. This copolymer named
as CoPLLA17200 consisted of a linear poly(ethylene glycol) (PEG) center block and
poly(L-lactide) (PLLA) dendrons with a PLLA arm molecular weight of 17200 g/mol.
Previously our research group reported that MC3T3-E1 cells spread and proliferated
better on honeycomb-patterned films than on the solid one,[3] while the cell spreading
was limited along the groove direction on polymer microgrooved substrates although the
alignment and differentiation was stimulated. Thus we performed this study to elucidate
the roles of two kinds of surface features in regulating MC3T3-E1 cells.
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6.2 Experimental Section
6.2.1 Materials

CoPLLA17200 was synthesized in our research group as described previously.
All chemicals used here were purchased from Sigma-Aldrich Co. (Milwaukee, WI)
unless otherwise noted. Silicon wafers with parallel microgrooves with groove widths of
~5, ~15, and ~45 μm and groove depth of 10 μm were fabricated as templates using
standard stereolithography.
6.2.2 Fabrication of CoPLLA17200 Microgrooves with Honeycomb-Patterned Feature

CoPLLA17200 was dissolved in methylene chloride (CH2Cl2) at a concentration
of 0.015 g/mL and the solution was cast on the silicon wafers in a closed chamber with a
constant relative humidity of 80% and moist airflow over the solution cast on the silicon
wafers at a flow rate of 50 mL/min. As CH2Cl2 evaporated gradually, the solution on the
wafers became opaque. Honeycomb-patterned copolymer films on flat glass slides were
prepared as the control group using the same procedure. After drying, the copolymer
films were peeled off and further dried in vacuum. Microgrooved copolymer substrates
without honeycomb patterns were prepared in absence of humidity. In the following
sections, microgrooved substrates with honeycomb patterns, microgrooved substrates
without honeycomb patterns, and honeycomb films are named as H-grooves, F-grooves,
and H-films, respectively. The number attached to H- or F- denotes the groove width of
the silicaon wafter used to fabricate the polymer sample.
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6.2.3 Surface Feature

The as-prepared copolymer films were fixed on flat glass slides and sputtercoated with a gold-palladium layer (Emscope SC500, Elexience) before their topography
was observed using Scanning Electron Microscopy (SEM; S-3500, Hitachi Instruments,
Tokyo, Japan) at an accelerating voltage of 5.0 kV.
6.2.4 In vitro Cell Attachment and Proliferation

Mouse MC3T3-E1 cells (ATCC, Manassas, VA) were cultured using the
procedure reported previously by our research group.[3,15] The polymer samples were
immersed and cleaned in phosphate buffered saline (PBS) solution overnight, sterilized in
70% ethanol solution for 25 min twice, and completely dried in vacuum. Prior to cell
studies, the samples were exposed to UV light for 20 min and rinsed with PBS solution
thoroughly. After removal of PBS solution, MC3T3-E1 cells were seeded on the polymer
samples at a density of ~15000 cells/cm2 and cultured in α-Minimum Essential Media (αMEM, Gibco) containing 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin (Gibco) in cell incubator with relative humidity of 95% and 5%
CO2 at 37 °C. Cell attachment at 4 h and proliferation over 4 days represented by the cell
numbers were measured using a colormetric cell metabolic assay (CellTiter 96 Aqueous
One Solution, Promega, Madison, WI).
6.2.5 Immunofluorescence Microscopy and Cell Morphology

After the cells were cultured for 4 h, 1, 2, and 4 days, they were fixed in 4%
paraformadehyde (PFA) solution for ~30 min and rinsed with PBS twice. Then the cells
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were permeabilized with 0.2% (v/v) Triton X-100, rinsed with PBS for three times, and
stained with rhodamine-phalloidin (RP) for 1 h in an incubator. After cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) at room temperature, an Axiovert 25
light microscope (Carl Zeiss, Germany) was used to photograph the cytoplasm and nuclei.
Focal adhesions (FAs) were evaluated using vinculin staining. Briefly, cells were first
stained with mouse monoclonal anti-vinculin antibody (V9246, Sigma-Aldrich) for ~1 h
in an incubator and then rinsed with PBS for ~10 times. The cells were further incubated
with anti-mouse IgG-FITC antibody (F0257, Sigma) for 4 h and stained with RP.
Photographing of F-actin in cytoskeleton and FAs was conducted on a confocal
microscope (SP2, Leica). The cell area were measured from the RP-stained cell images at
day 1 and quantifying FAs from the vinculin-stained cell images were conducted using
ImageJ software (National Institutes of Health, Bethesda, MD) on ~20 images for each
group. To observe cell morphology using SEM, the fixed cells were rinsed with PBS
twice after cultured for 1 day. Further dehydration of cells was performed in gradient
ethanol solutions (50%, 60%, 70%, 80%, 90%, 95%, and 100%) for 15 min at each
concentration. Then a mixture (1:1, v/v) of ethanol and hexamethyldisilazane (Electron
Microscopy Science, Hatfield, PA) and pure hemamethyldisilazane were used for
completely dehydrating the cells. The samples were completely dried in air and sputtercoated with a gold-palladium layer prior to SEM observation at an accelerating voltage of
5 kV.

153

6.2.6 Characterization of Cell Alignment and Spreading

A cell was considered as aligned when the angle between the long axis of the cell
and the groove direction beneath the cell body was smaller than 15°. To quantify cell
alignment, three parameters were determined using ImageJ over 150 cells for each
sample, i.e., cell area, percentage of cells trapped inside the grooves in the total cell
population, and the percentage of aligned cells in the total cell population.
6.2.7 ALP Activity and Calcium Content

After MC3T3-E1 cells were cultured on the samples for 14 days, they were
transferred into new plastic tubes and rinsed with PBS to remove unattached cells. Then
the cells were trypsinized and the as-obtained cell suspension was centrifuged at 1000
rpm for 5 min. After removal of the supernatant, the cells was re-suspended in PBS and
centrifuged again. The obtained cell pellet was suspended in 1 mL of 0.2% Nonidet P-40
solution and subsequently sonicated in ice-water bath for 2 min. The ALP activity and
calcium content of the cells were measured using an ALP detection kit (Sigma, St. Louis,
MO) and a QuantiChrom calcium assay kit (BioAssay Systems, Hayward, CA),
respectively. The details about the measurements can be found in our previous report.
6.2.8 Gene Expression

MC3T3-E1 cells cultured on the samples for days 1 and 14 were transferred into
new plastic tubes and the cellular RNA was isolated from the cells using an RNeasy Mini
Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. The
concentration of RNA was determined using a Nanodrop1000 spectrophotometer
(Thermo Scientific, Wilmington, DE). cDNA was then synthesized using a cDNA
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synthesis kit (Thermo Scientific) according to the manufacturer’s instructions. Expression
of integrin subunits including α1, α2, and β1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) at day 1 was quantified through real-time polymerase chain
reaction (PCR) with a Power SYBR Green PCR Master Mix (Applied Biosystems,
Carlsbad, CA) and determined on a thermal cycler with fluorescence detection systems
(PTC-200, MJ Research). Expression of gene markers for osteogenesis, such as ALP,
OCN, and OPN, in the cells cultured for 14 days was also measured according to the
same recipe for integrin subunits. Table 1 shows the oligonucleotide primers used in realtime PCR reaction.
6.2.9 Statistical Analysis

Four samples for each group were used for the cell culture at each time point. All
experimental results are presented as mean ± standard deviation. The significant
difference (p < 0.05 or p < 0.01) between groups was analyzed using student’s t-test.

6.3 Results and Discussion
The surface topography of samples was shown in the SEM images in Figure 6.1.
F-grooves presented typical microgrooves with flat features. The groove widths for Fgrooves fabricated from the silicon wafers with designed groove/ridge width of 5, 15, and
45 μm were measured to be 4.8 ± 0.3, 14.6 ± 0.5, and 44.2 ± 0.6 μm, respectively. In
general, the surface of microgrooved substrates contacting the silicon wafer was used for
cell culture and the feature dimension was close to that of the silicon wafers. In this study,
the microgrooved substrates were the backside of the substrates that did not contact the
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silicon wafers in replica molding. Therefore, the feature dimension of the F-grooves was
not perfectly consistent with that of the silicon wafers. The H-groove samples showed
microgrooves with similar dimensions. At a higher magnification of × 10000, the SEM
images of the H-groove samples demonstrated that both the ridges and valleys were fully
honeycomb-patterned. The pore diameters on the ridges of the H-grooves were measured
to be 1.9 ± 0.2 μm while the values in the valleys were larger and measured to be 2.1 ±
0.2, 2.0 ± 0.3, and 2.3 ± 0.4 μm for H-5, H-15, and H-45 substrates, respectively. In the
breath-figure method, the pore size can be influenced by the flow rate of moisture air, the
solvent for the polymer solution, the volume of the polymer solution, and humidity.[1619] As the CoPLLA17200/CH2Cl2 solution was cast on the silicon wafers, the solution on
the ridges was dried first and the solution in the valley was dried later. In this situation,
the valleys were considered to be covered with a larger volume of the polymer solution
than the ridges and the larger volume of solution induced stronger coalescence of water
droplets on the solution surface before it evaporated and resulted in larger pores. In Hfilms, the pore size was identical to that on the ridges of H-grooves.
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Figure 6.1 SEM images of (a) F-grooves. Magnification: × 5000. (b) H-grooves and Hfilms. Magnification: × 5000 (left column) and × 10000 (right column).
MC3T3-E1 MC3T3-E1 cell adhesion was evaluated using vinculin-staining
images, characterization of FAs, and integrin expression, as shown in Figure 6.2. FAs are
the closest contacts between cells and substrates. The cells on the H-grooves displayed
FAs with a higher density than on the F-grooves with the same groove width. The FAs on
F-5 and especially H-5 samples showed significantly aligned morphology along the
groove direction and this phenomenon became less clear when the groove was wider.
More punctuate FAs on the H-films were observed than on the F-grooves and H-grooves.
A previous study on the MC3T3-E1 cell adhesion on honeycomb-patterned PCL films
with pores of 3-10 μm showed that the FAs were distributed not only on cell periphery
but also along the pore edge.[3] However, our present vinculin-staining images did not
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show FAs along the pore edge. The FAs were analyzed using the average area of FAs,
FA density defined as the average number of FAs per cell, and circularity of FAs defined
as 4π × area/perimeter2. The density of FAs on the H-grooves was significantly higher
than that on the F-grooves with the same groove width and cells had a much higher
density on the H-films than on the others. The average area of FAs on the H-grooves was
slightly larger than that on the F-grooves with the same groove width. The significant
difference between H-45 or F-45 and H-5 or F-5 was observed and the average area of
FAs on H-films was measured to be significantly higher than that on the others. In a good
agreement with vinculin-staining images, the FAs showed a much lower circularity on
the H-grooves than on the F-grooves with the same groove width. Meanwhile, the
circularity of FAs was smaller on the narrower grooves. The previous study demonstrated
that the circularity of FAs was smaller on honeycomb-patterned PCL films, especially on
films with smaller pores, than on flat PCL films.[3] Our present results showed that the
FAs on F-5 had an even smaller circularity to indicate stronger alignment than that on the
H-films.
Cells respond to surface topography through the “contact guidance” effect, in
which the FAs play a critical role.[1,2,20-22] FAs have a rectangular shape with a length
of 1-10 μm and preferentially attach on the groove ridges in an oriented manner when the
groove dimension was smaller than FAs.[23,24] The aligned FAs further induced the
alignment of actin filaments. For anchorage-dependent cells, such as MC3T3-E1 cells
here, surface topography can influence the distribution of FAs on microgrooves to
regulate cell functions through affecting the composition and conformation of ECM
proteins.[25] Once ECM protein adsorption is distinct along the groove ridges, the
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preferably formed FAs on these sites would orient actin filaments. Consequently, when
the groove width was smaller and more comparable to the FA size, FAs were aligned
more significantly, as shown in Figure 6.2. These aligned FAs further induced the
orientation of cell bodies along the same direction. In contrast with the F-grooves, the Hgrooves with the same groove width induced more prominent FA alignment, which
triggered better aligned cells along the grooves. Previously MC3T3-E1 cells cultured on
honeycomb-patterned PCL films were found distorted because the cells were preferably
localized at the region of junction or discontinuity formed by the pore edges and the
formation of FAs was also promoted compared with flat PCL films.[3] Accordingly, the
formation of FAs in terms of FA density and FA area was enhanced on the H-films than
on the F-grooves, whereas the FA alignment was more prominent on F-5 than on the Hfilms because narrower microgrooves with a width comparable to the size of FA fostered
the FA alignment along the groove direction. The promoted FAs on the H-films further
helped cell spreading. In case of the H-grooves with both microgrooves and honeycomb
patterns, these two topographies synergistically aligned the FAs along the groove
direction, which subsequently enhanced the alignment of cell bodies along the same
direction.
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Figure 6.2 Fluorescent images of cells stained with RP (red) and vinculin (green) at day 1
on (a) F-grooves and (b) H-grooves and H-films. Insets indicate images at higher
magnification. (c) Density, area, and circularity of FAs. *: p < 0.05 relative to F-grooves
with the same width; #: p < 0.01 relative to others; ^: p < 0.05 relative to F-groove and Hgroove with width of 5 μm. (d) Integrin expression of cells. #: p < 0.01 relative to Fgrooves with the same width; ^: p < 0.01 relative to F-grooves; $: p < 0.05 relative to Hgrooves
The transmembrane Integrins are transmembrane heterodimers of an α-subunit
and a β-subunit to control the FA-ECM interactions, in which integrins bind the
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cytoskeleton with adapter proteins (e.g., α-actinin, filamin, talin, and vinculin) and the
ECM proteins with the external end.[26,27] The major ECM proteins that influence
anchorage-dependent MC3T3-E1 cells are fibronectin, vitronectin, and type I collagen,
which interact with the cells via integrin receptors via “outside-in-signaling” and “insideout-signaling”.[26,27] The expression levels of three representative integrin subunits, α1,
α2, and β1, are shown in Figure 2d. Consistent with the results on FAs, the expression
levels of subunits, α1, α2, and β1, were significantly higher on the H-grooves than on the
F-grooves and they were even better on the H-films than on the H-grooves.
The cytoskeleton and nuclei of MC3T3-E1 cells cultured on the polymer samples
for 1 day were also demonstrated in the fluorescent cell images in Figure 6.3. Like the
results in Figure 6.2, narrower grooves induced more significant cell alignment and the
alignment was more evident on the H-grooves. MC3T3-E1 cell spreading on the H-films
was random without a preferential direction. The cell area was 1023 ± 122, 1281 ± 143,
and 1437 ± 186 μm2 on F-5, F-15, and F-45, respectively. The value increased from 962
± 116 μm2 on H-5 to 1354 ± 198, 1621 ± 231, and 2016 ± 265 μm2 on H-15, H-45, and
H-film, respectively. The percentage of aligned cells was 99 ± 2%, 88 ± 5%, and 58 ± 3%
on F-5, F-15, and F-45, respectively. It decreased from 99 ± 3%, on H-5 to 92 ± 4% on
H-15 and 63% ± 5% on H-45. The shape of cell nuclei was also influenced strongly by
the surface topography. The alignment of nuclei was more evident on narrower grooves.
Interestingly, the alignment of nuclei was enhanced on the H-grooves than on the Fgrooves with the same groove width. The nuclei on the H-films displayed a round shape
with better spreading in random direction compared with the nuclei on the F-grooves and
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H-grooves. Our present findings agreed with previous conclusions that cell alignment
increases with decreasing the groove dimension. The FAs on the H-grooves stimulated by
the honeycomb pores were localized on the groove ridges and aligned in the groove
direction, which further aligned cell filaments along the same direction. This shape
alignment triggered the change of intermediate filaments which transferred the forces
from cell filaments to the nucleus and also caused the nuclear alignment along the groove
direction through mechanotransduction.[1,2,28,29] Alignment of both cytoplasm and
nuclei was more prominent on the H-grooves than on the F-grooves with the same groove
width. Because of the free spreading of cells on the H-films without being confined in
grooves, the nuclei on the H-films had a larger area compared with those on the Fgrooves and H-grooves. The circularity and area of the cell nuclei were characterized
using ImageJ. The nuclear circularities were 0.56 ± 0.08, 0.69 ± 0.09, and 0.81 ± 0.12 on
F-5, F-15, and F-45, and 0.43 ± 0.06, 0.54 ± 0.07, 0.75 ± 0.07, and 0.89 ± 0.14 on H-5,
H-15, H-45, and H-film, respectively. The nuclear area increased from 183 ± 24 μm2 on
F-5 to 216 ± 28 μm2 on F-15 and 228 ± 39 μm2 on F-45, and increased from 175 ± 21
μm2 on H-5 to 220 ± 32, 253 ± 46, and 279 ± 41μm2 on H-15, H-45, and H-film,
respectively.
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Figure 6.3 Fluorescent images of cells stained with RP (red) and DAPI (blue) at day 1 on
(a) F-grooves. (b) H-grooves and H-films. Scale bar of 100 μm is applicable to all images.
The MC3T3-E1 cell morphology on all the samples at day 1 was also observed
using SEM, as shown in the images in Figure 6.4. Consistently, cell filaments and nuclei
on the F-grooves and H-grooves were aligned along the groove direction on the ridge or
in the valley, and the alignment was more significant on the narrower grooves. Clearly,
the cells on the H-grooves had better spreading and alignment compared with those on
the F-grooves. Although some cells on F-films could spread and flatten well, most cells
were still spreading with a high thickness and few filopodia. In contrast, cells on the Hgrooves spread better with more and longer filopodia, some of them along the groove
direction. Compared with cells on the F-grooves and H-grooves, they spread even much
better on the H-film with much more filopodia projecting from cell bodies. Meanwhile,
cell nuclei could also be observed in SEM images. The percentage of nuclei in the
grooves analyzed from the SEM images was 85 ± 6%, 67 ± 7%, and 53 ± 9% on F-5, F-
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15, and F-45, and 63 ± 10%, 35 ± 5%, and 32 ± 4% on H-5, H-15, and H-45, respectively.
A previous study in our research group on MC3T3-E1 cell functions on photo-cured PCL
triacrylate (PCLTA) substrates with concentric microgrooves demonstrated that the
percentage of cells trapped in the grooves was more than 50% on microgrooves with
groove width of 91.2 μm and increased up to 95% with decreasing the groove width to
7.5 μm, which was in agreement with literature.[11] Similarly, our present results showed
that the percentage of cells in the grooves increased with decreasing the groove width.
However, more cells were localized on the ridges rather than in the grooves, especially
when the groove width increased on the H-grooves. Honeycomb pores could also
enhance protein adsorption dramatically on the substrates. When H-15 and H-45 were
exposed to MC3T3-E1 cells with α-MEM medium, those pores on the ridge first
contacted ECM proteins such as fibronectin and absorbed them into the pores, which
more possibly served as cell anchorage sites and induced better formation of FAs on the
ridges. Therefore, honeycomb pores not only promoted cell alignment in the grooves but
also influenced cell distribution on the surface.
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Figure 6.4 SEM images of cells at day 1 on (a) F-grooves and (b) H-grooves and H-films.
Magnification: Magnification: × 1000 (left column) and × 5000 (right column).
MC3T3-E1 cell attachment at 4 h and proliferation over 4 days on the polymer
samples are shown in Figure 6.5. For anchorage-dependent cells, cell proliferation and
differentiation were strongly affected by the early stage cell adhesion. Cell attachment on
the H-grooves was slightly better than on the F-grooves with the same groove width but
without significant difference. The cell numbers on the F-grooves or H-grooves with
different groove widths did not show difference. The cell number on the H-films was
significantly higher than on the other samples. At days 1, 2, and 4, the cell numbers on
the H-film were significantly higher than those on the H-grooves and the numbers were
significantly lower on the F-grooves than on the H-grooves. A previous study in our
research group also showed that the groove width could not influence MC3T3-E1 cell
proliferation significantly on microgrooved substrates of photo-cured PCLTA with
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groove widths of 7.5, 16.1, 44.2, and 91.2 μm and a groove depth of 10 μm.[11] MC3T3E1 cell proliferation on silicone microgrooved substrates was not significantly different
from that on the flat control.[30] However, in our present study the cell proliferation on
the microgrooves was significantly inhibited compared with the H-film. As reported by
us, MC3T3-E1 cell adhesion, proliferation, and differentiation were strongly promoted on
honeycomb-patterned PCL films compared with flat PCL films.[3] As expected, the Hfilm here supported MC3T3-E1 cell proliferation better than the F-grooves. Intriguingly,
the H-films supported cell proliferation better than the H-grooves. As demonstrated in the
SEM images, the pore size was similar (~2 μm) in the H-grooves and H-films and the
only difference was the microgrooves. A possible explanation is that the honeycomb
pores strongly promoted MC3T3-E1 cell proliferation to reach cell confluence, which
might suppress proliferation especially when the cells were localized on the ridges of the
H-grooves. In contrast, MC3T3-E1 cells on the H-films that were not confined in the
grooves during their proliferation could spread over the entire surface.
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Figure 6.5 (a) Cell attachment at 4 h and (b) Cell proliferation at day 1, 2, and 4
represented by the cell numbers. *: p < 0.05 relative to F-grooves; #: p < 0.01 relative to
F-grooves.

Figure 6.6 (a) ALP activity and calcium content of cells cultured on F-grooves, Hgrooves, and H-films for 14 days. *: p < 0.05 relative to 5 μm grooves. (b) Gene
expression levels of OCN, ALP, and OPN relative to GAPDH in MC3T3-E1 cells
cultured for 14 days on F-grooves, H-grooves, and H-films. * and ^: p < 0.05; #: p < 0.01
relative to others.

The honeycomb-patterned microgrooves not only promoted MC3T3-E1 cell
alignment but also supported better mineralization after the cells were cultured for 14
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days. As shown in Figure 6.6a, the ALP activity and calcium content of MC3T3-E1 cells
was both higher on the H-grooves than on the F-grooves, especially when the grooves
were narrower. The two parameters on the H-films were similar to those on H-45 but
significantly lower than the values on F-5 and H-5.
To understand MC3T3-E1 cell mineralization at the gene level, the mRNA
expression of bone-specific differentiation markers, such as OCN, ALP, and OPN, was
assessed using real-time PCR, as shown in Figure 6.6b. Following a similar trend as
observed in ALP activity and calcium content, these three gene markers all had much
higher expression levels on the H-grooves than on the F-grooves, and narrower grooves
could promote them even further. In general, these gene markers were expressed better
on microgrooved substrates with groove widths of 5 and 15 μm than on the H-film. This
finding agreed with the results on microgrooved substrates of photo-cured PCLTA .[11]
The results can be interpreted using several factors. First, the H-grooves induced
better cell adhesion than the F-grooves and this early-stage advancement could promote
later cell proliferation and differentiation. However, the best cell adhesion on the H-film
did not result in the highest differentiation results. Thus alignment of MC3T3-E1 cell
body and nuclei was critical in fostering their differentiation because they trigger the
release of calcium ions from the perinuclear space via the mechanotransduction pathway
and the released calcium ions are known to upregulate MC3T3-E1 cell mineralization and
mRNA expression of bone-specific gene markers.[15,31-33] The microgrooves also
provided a microenvironment to condense some regulatory factors that are important in
osteogenesis to reach the critical concentrations for promoting the formation of calcified
tissue.
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6.4 Conclusions
Honeycomb-patterned copolymer microgrooves with various groove widths of ~5,
~15, and ~45 μm and depth of ~8 μm and honeycomb-patterned films were fabricated
from microfabricated silicon wafers using the breath-figure method. Mouse preosteoblastic MC3T3-E1 cells cultured on these samples demonstrated that honeycombpatterned microgrooves promoted the alignment of cell filaments and nuclei, ALP
activity and calcium content of the cells, and expression of ALP, OCN, and OPN
compared with the solid microgrooved substrate without pores. Furthermore, the smaller
groove width induced better results. However, the cell proliferation on honeycombpatterned microgrooves was inhibited compared with honeycomb-patterned films without
microgrooves.
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CHAPTER VII
EDGE-ON OR FLAT-ON, IT MAKES A DIFFERENCE IN CELL
RESPONSES TO POLYMER LAMELLAE

7.1 Introduction
Polymer chains can form ordered and regular structure through crystallization and
random chain coils transform into perfectly ordered orientation during polymer
crystallization. The hierarchy of crystals determines the properties of these polymers. It
has been widely accepted that lamellae, the basic unit of polymer spherulites and
crystalline domains, are composed of folded polymer chains governed by kinetics.
Lamellae have two basal surfaces constituted by chain folds and several lateral surfaces.
Normally, anisotropic lamellae are randomly distributed in the bulk. Crystallizing from
melts, polymers normally form spherulites from micro- to milli-scale. In case of lamellar
twisting along the radial direction in spherulites, banding texture can be observed.
Experimentally, there are two major orientation types of lamellae [1-3]. When the
lamellae are perpendicular or parallel to the substrate, they are called edge-on or plat-on
lamellae, respectively.

When the dimension is confined at the nanoscale which is

comparable to lamellae thickness, flat-on lamellae are preferred. As the polymer
thickness increases, the edge-on type is more dominant. Poly(ε-caprolactone) (PCL) was
found to form flat-on lamellae preferentially when the film was thiner than 200 nm,
while it was more likely to form edge-on lamellae in thicker films [4]. In banded
spherulites crystallized from a blend of poly(ε-caprolactone) and poly(vinyl chloride),
the ridges and valleys were mainly composed of edge-on and flat-on lamellae,
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respectively [5,6]. PCL films with thickness of 110 nm showed edge-on lamellae directly
after spin-coating, whereas flat-on lamellae were observed after they were melted at 75
°C and recrystallized at 45 °C [7]. Because the surface energy of the folded surface is
much larger than that of the lateral surface in lamellae, flat-on lamellae are predicted to
haves three times higher surface energy than edge-on lamellae.
Cell-substratum interactions are important to fundamental understanding of
biological issues and design of biomedical devices. When cells are exposed to
biomaterials, they first respond to the surface of materials via inter or intracellular signals
and then produce interface with substratum to provide extracellular signals. These initial
processes determine subsequent cell adhesion, proliferation, and differentiation. Surface
chemistry, topography, and stiffness are three major categories of factors to directly affect
cell-substratum interactions [8].
PCL and poly(L-lactide acid) (PLLA) as two important semi-crystalline
biodegradable polyesters have been widely studied. Using these two polymers, the effects
of surface spherulitic topography on cell attachment and proliferation have been reported
[9-12]. However, the effect of lamellae orientation on cell functions is still unknown. In
this study, we prepared PCL films composed of either edge-on or flat-on lamellae for
regulating surface energy, fibronectin and serum protein adsorption, and MC3T3-E1 cell
adhesion, proliferation, mineralization, and gene expression.
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7.2 Experimental Section
7.2.1 Materials

PCL with Mw of 142,658 g mol-1 and Mn of 77,352 g mol-1) was synthesized
through ring opening polymerization of ε-caprolactone (Aldrich, St. Louis, MO), initiated
by pure water.
7.2.2 Preparation of Samples

The flat-on and edge-on samples were prepared according to the method reported
previously [7]. Briefly, PCL was dissolved in dichloromethane at 0.01 g mL-1 and spincoated on clean microscope slides (Fisher Scientific, Pittsburgh, PA) at a spinning rate of
4000 rpm for 30 s. The thickness was determined by AFM scanning to be ~100 nm. To
prepare PCL films with thickness of ~1 μm as comparison, the PCL was dissolved in
dichloromethane at 0.04 g mL-1 and spin-coated on clean glass slide at 1000 rpm for 30 s.
All samples were melted at 85 °C completely for 5 min. Then the melted samples were
quickly transferred to a hot stage for crystallization at 45 °C for 100 h. Hot-compressed
samples were also prepared as control group by compressing melted PCL between two
clean microscope slides. Then the hot-compressed samples were crystallized at room
temperature.
7.2.3 AFM Scanning

AFM scanning of the samples was performed on a Nanoscope V control system
(Veeco Instruments, Santa Barbara, CA) with the tapping mode. The root mean square
roughness (Rrms) and depth profile were determined from height images.
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7.2.4 Determination of Surface Free Energy

Three fluids including pure water, diiodomethane, and ethylene glycol were used
to determine the surface free energy according to the reported method [13-15]. Contact
angles were measured with a Ramé-Hart NRC C. A. goniometer (model 100-00-230) at
room temperature. The contact angles were not recorded until the fluid droplet was stable
for more than 30 s. The van Oss-Chaudhury-Good (vOCG) equation (eq. 1) was used to
determine the apolar γsLW, acidic γs+, and basic γs- components of polymers.
(1 + cosθ )γ L = 2( γs LW γLLW + γs + γL− + γs −γL+ )

(1)

where γL is the liquid surface tension. γLLW is the total apolar component of the liquid. γLand γL+ are the electron donor and electron acceptor contributions to the polar component
of the liquid. The acido-basic component γsAB is given in eq.2 [16],
γs AB = 2(γs −γs + )

1

2

(2)

The total SFE of polymers γtot is the sum of acido-basic γsAB and apolar γsLW components
of polymers.
7.2.5 Protein Adsorption

Protein adsorption in both serum media used for MC3T3 cells and
fibronectin/PBS solution (10 μg mL-1) were evaluated. Samples with precise area were
immersed in serum media or fibronectin solution for 4 h at 37 °C. The samples were
rinsed with PBS five times to remove unattached proteins and subsequently immersed in
300 μL of 1% sodium dodecyl sulfate (SDS) solution four times with 30 min interval to
collect proteins adsorbed on samples. The concentrations of proteins in the collected SDS
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solutions were determined using A micro-plate reader (SpectraMax Plus 384, Molecular
Devices, Sunnyvale, CA) and a MicroBCA protein assay kit (Pierce, Rockford, IL).
7.2.6 In vitro Cell Attachment and Proliferation

Mouse MC3T3-E1 cells (ATCC, Manassas, VA) were cultured as reported [9,17].
All samples were sterilized in 70% alcohol solution for 30 min. Prior to cell culture, all
sterilized samples were dried completely in vacuum at room temperature. MC3T3-E1
cells were seeded on samples at a density of ~16000 cells per cm2 in a 24-well plate with
α-Minimum

Essential

Medium

(α-MEM,

Gibco)

which

contains

1%

penicillin/streptomycin (Gibco) and 10% fetal bovine serum (FBS, Gibco). Wells without
samples but seeded with cells at the same density served as positive control. Then the
cells were cultured at 37 °C with 95% humidity and 5% CO2 for designated time. At each
time point, the cell number was quantified using a colorimetric cell metabolic assay
(CellTiter 96 Aqueous One Solution, Promega, Madison, WI).
7.2.7 Immunofluorescence Microscopy and SEM

After cultured for one day, attached MC3T3-E1 cells on the samples were fixed
with 4% paraformaldehyde solution for 30 min at room temperature and rinsed with
phosphate buffered saline (PBS) twice. The cells were further permeabilized with 0.2%
(v/v) Triton X-100 and rinsed with PBS twice. Then the cells were stained using
rhodamine-phalloidin (RP) for 1.5 h at 37 °C and 4',6-diamidino-2-phenylindole (DAPI)
at room temperature. The observation of cytoplasm and nuclei was performed using an
Axiovert 25 light microscope (Carl Zeiss, Germany). Cell area was also measured by
using ImageJ software (National Institutes of Health, Bethesda, MD) from RP-stained
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cell images. To observe FAs, cells were first stained with mouse monoclonal anti-vinculin
antibody (V9264, Sigma-Aldrich) for 1.5 h at 37 °C and then rinsed with PBS for 10
times. FAs were further labeled by anti-mouse IgG-FITC antibody (F0257, Sigma) at 37
°C for 5 h and photographed by using a confocal microscope (SP2, Leica). To observe
cell morphology using SEM, each sample after fixation with 4% paraformaldehyde (w/v)
for 30 min and rinse with PBS for three times was dehydrated with gradient ethanol
solution (25%, 50%, 70%, 95%, and 100%). The samples were dehydrated twice at each
concentration of ethanol solution for 10 min before higher concentration. Then the final
dehydration was conducted in hexamethyldisilazane (Electron Microscopy Sciences,
Hatfield, PA), followed by drying in air overnight. After dry, all samples were sputtercoated with one gold-palladium layer before observed with SEM (S-3500, Hitachi
Instruments Inc., Tokyo, Japan) at an accelerating voltage of 10 keV.
7.2.8 ALP Activity and Calcification Assay

The measurement of ALP activity and calcium content were conducted as
reported previously [17]. After cultured for 14 days, cells were rinsed with PBS,
trypsinized, and washed again, followed by centrifugation for 4 min at 1000 rpm. The cell
pellet was re-suspended in 1 mL 0.2% Nonidet P-40 solution and further sonicated in ice
water for 2 min. The ALP activity and calcium content of the cell lysate were determined
by fluorescence-based ALP detection kit (Sigma, St. Louis, MO) and QuantiChrom
calcium assay kit (BioAssay Systems, Hayward, CA), respectively.
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7.2.9 Gene Expression

After cells were cultured for 14 days, a RNeasy Mini Kit (Qiagen, Valencia, CA)
was employed to isolate RNA from the cell pellet and then cDNA was synthesized using
a cDNA synthesis kit (Thermo Scientific). Expression of OCN, COL I, ALP, OPN, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was quantified through real time
PCR and performed on a thermal cycler with fluorescence detection systems (PTC-200,
MJ Research) using a Power SYBR® Green PCR Master Mix (Applied Biosystems,
Carlsbad, CA).

7.3 Results and Discussion
We prepared PCL films with thickness of ~100 nm of edge-on or flat-on lamellae
as well as hot-compressed ones. Edge-on films with thickness of 100 nm were obtained
directly from spin-coating without further recrystallization. When polymer coating is very
thin on the substrate, cells can sense the stiffness of the substrate. Thus, thicker edge-on
samples (~1 μm) were also prepared to compare with the 100-nm-thick ones in affecting
the cell behavior; however, no difference was found between them. For simplicity, the
discussion on edge-on films with thickness of ~1 μm is omitted here. The surface
topography of hot-compressed, edge-on and flat-on samples was examined using Atomic
Force Microscopy (AFM), as shown in Figure 7.1A. The hot-compressed samples
showed random feature with very fine details. The edge-on samples displayed clear edgeon lamellae with fibrous morphology. The bright fine lines with branches were the
crystalline layers separated by amorphous layers. The fold length of the PCL chains was
measured from the width of crystalline layers to be 9.7 ± 0.5 nm, consistent with the
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reported value [7]. After this 100 nm-thick film were melted at 85 °C and recrystallized at
45 °C for 100 h, flat-on lamellae were clearly observed. The fold length was also
indicated by the height of these domains, which was 9.9 ± 0.7 nm. From AFM height
images, we could obtain the height profiles for specific regions, as shown in Figure 7.1B.
Hot-compressed samples had very smooth surface and flat-on surface was also quite
smooth in one individual crystalline terrace. However, the height profile of edge-on
surface presented regular pattern corresponding to the fibrous fine lines. Obtained from
height images, the surface root-mean-square roughness (Rrms) values of hot-compressed,
edge-on, and flat-on samples were 4.9 ± 0.4, 10.5 ± 0.7, and 8.4 ± 0.5 nm, respectively.

Figure 7.1 AFM phase images (A) and height profiles (B) of the hot-compressed, edge-on,
and flat-on samples and (C) Schemetic flat-on and edge-on lamellae.
The surface free energy and its apolar, and polar components for each group were
calculated from contact angles of water, diiodomethane, and ethylene glycol on the
180

samples, as shown in Table 7.1. The surface free energies of hot-compressed and edge-on
samples were similar to each other and the values were consistent with a previous report
[5]. The surface free energy of flat-on samples had much higher value than both hotcompressed and edge-on samples. To date, the surface free energy of flat-on PCL has not
been reported despite the prediction of 3-6 times as high as that of edge-on PCL [5]. Our
experimental surface free energy of the flat-on samples was much lower than the
predicted values although it was significantly higher than that of edge-on samples.
Meanwhile, our results showed that the basic component for the flat-on samples was
lower while the acidic component for the flat-on samples was much higher compared
with hot-compressed and edge-on samples, indicating that flat-on surface was more
positively charged. Table 1 also shows the protein adsorption of the samples immersed in
culture media and fibronectin solutions. Protein adsorption is determined by surface
properties such as ionic bonding, van der Waals interaction, electrostatic force, and
hydrophilicity of the materials [18]. In both culture media and fibronectin solutions,
edge-on samples could adsorb more proteins than hot-compressed samples, although
without significant difference. This can be explained by the rougher surface in the edgeon samples [9]. The flat-on samples with slightly lower roughness showed remarkably
higher protein adsorption than the edge-on ones in both cases. Note that fibronection with
a molecular weight of 220-250 kg mol-1 has an acidic isoelectric point of 5.5-6.0 and
prefers hydrophobic surface to hydrophilic one. However, the flat-on samples had a
higher surface free energy and were more hydrophilic than edge-on samples. Therefore,
both roughness and hydrophilicity cannot be used to interpret the results on protein
adsorption. The flat-on samples were more positively charged, indicated by the lower
181

basic component and higher acidic component compared with the edge-on and hotcompressed samples. Most serum proteins and fibronectin have low acidic isoelectric
points of less than 6 when the pH value was 7.4, showing that these proteins bear
negative charges. Consequently, the flat-on sample could absorb more proteins than
others because of the electrostatic interaction between proteins and the PCL samples.
Table 7.1 Surface free energies and concentrations of adsorbed proteins of different PCL
samples.
samples

Hot-compressed
edge-on
flat-on

γsLW
39.2
39.6
48.0

γs+

γs-

γsAB

γtot

0.3
0.4
1.3

(mJ m-2)
6.8
6.3
4.7

2.8
3.2
4.6

42.1±1.5
42.8±2.0
52.6±1.9

Protein adsorption
(μg cm-2)
Serum
FN
6.9±1.4 3.3±0.7
7.7±0.8 4.2±1.0
10.8±1.3 6.2±0.9

MC3T3-E1 cell adhesion of at day 1 post-seeding was evaluated via vinculin
staining and gene expression of integrin subunitsα1, α2, and β1. As demonstrated in
Figure 7.2A, focal adhesions (FAs) on the flat-on samples had much larger size and
density than those on the edge-on and hot-compressed ones, on which most of FAs had
round shape. In contrast, FAs on the flat-on samples were dramatically aligned. The
quantification of FAs in Figure 7.2B was consistent with the above observation. FAs on
flat-on samples had significantly higher density (defined as the number of FAs per cell),
area, and elongation (defined as the reciprocal of circularity, 4π× area/perimeter2,) than
those on the hot-compressed samples. FAs are located in the cytoskeletal components,
such as vinculin, paxilin, and actin microfilaments, and provide sites for activating
intracellular signaling molecules, such as focal adhesion kinase (FAK) and extracellular
signal-regulated kinase (ERK½) [19,20]. For anchorage-dependent MC3T3-E1 cells,
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adsorption of adhesion-related ECM proteins from the culture media plays an important
role in mediating cell adhesion and spreading. ECM proteins related to attachment of
osteoblasts mainly include fibronectin, vitronectin, and collagen type I [21,22]. The better
adsorption of ECM proteins on the flat-on samples might enhance cell adhesion. The
formation of FAs is regulated by transmembrane integrins composed of α and β subunits.
Integrins can pass information in the communications between ECM proteins and cell
nucleus [22]. These signaling pathways determine cell adhesion, proliferation, and
differentiation. Integrin subunit β1 is believed to be responsible for attachment of
osteoblasts to fibronectin and collagen type I, whereas integrin subunits α1 and α2 are
important for their attachment to collagens [21,22]. Figure 7.2C shows that cells on the
flat-on samples had significantly better expression of integrin subunits α1, α2, and β1 than
those on the edge-on samples, whereas cells on the hot-compressed samples had the
lowest integrin expression. These results suggested that ECM proteins, namely,
fibronectin, should play a critical role in the signaling pathway.
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Figure 7.2 MC3T3-E1 cell adhesion on the hot-compressed, edge-on, and flat-on samples.
(A) Vinculin-stained images (left column), fluorescent images stained with rhodaminephalloidin (red, middle column), and merged images of the cells at day 1 post-seeding.
Scale bar of 50 μm is applicable to all. (B) Density, area, and elongation of FAs. (C)
Relative expression of integrin subunits of α1, α2, and β1 at day 1. *: p < 0.05; #: p < 0.01
relative to the hot-compressed samples.
Cell morphology was demonstrated by fluorescent and SEM images in Figure 7.3.
Cells on the flat-on samples had notably better spreading and a higher density than those
on the flat-on and hot-compressed samples (Figure 7.3A). There was no significant
difference in cell spreading and density between the flat-on and hot-compressed samples.
SEM images in Figure 7.3B show the same trend. At magnification of 10000×, it was
evident that cells on the flat-on samples were much thinner and more filopodia extended
from cytoplasm than those on the hot-compressed and edge-on samples, indicating better
cell adhesion. Cell area determined from cytoplasm-stained images at day 1 showed that
cells on the flat-on samples were much larger than other groups (Figure 7.3D). Cell
attachment at 4 h and proliferation over 4 days were quantified by using the cell numbers
(Figure 7.3C). Cells on the flat-on samples attached and proliferated better than other
groups. In this study, surface topography, roughness, and surface free energy were all
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involved in regulating cell behavior. The roughnesses of all samples were in a small range
of 4.9-10.5 nm. Rougher surfaces can enhance cell adhesion and subsequent processes
[8,9,23]. It may be the reason why the edge-on samples could better support MC3T3-E1
cell adhesion and proliferation than the hot-compressed ones. However, it cannot explain
why the less rough flat-on samples had much better cell adhesion and spreading than the
edge-on ones. The difference in cell adhesion and proliferation between the flat-on and
edge-on samples can be ascribed to the topography or surface energy rather than
roughness. Typical surface topography in micro- or nano-scale which cells respond to
include gratings and arrays of posts or pits [24,25]. The edge-on samples could be
considered as nanogratings or nanogrooves with the ridge width of ~10 nm and depth of
~10 nm, whereas the flat-on ones could be considered as smooth surfaces with irregular
boundaries. Nanogrooves generally enhance cell adhesion via rearranging the distribution
of FAs, expedite migration along the groove direction, and lower the proliferation rate.19
Cell alignment is cell-type dependent when cells are cultured on grooves with certain
dimension [24]. This morphological response can be observed on grooves with widths
and depths as small as 100 and 35 nm, respectively [24,25,26]. In general, the increased
depth strengthens the alignment effect sharply. In this study, the groove-like edge-on
lamellae have very small dimensions in terms of both groove width and depth.
Consequently, no morphological response was observed on the edge-on samples. If only
topography played the role, cells on the edge-on samples should have better adhesion
than those on the flat-on and hot-compressed ones. However, it was just opposite to the
findings here and groove-like edge-on lamellae had no prominent effect on cell behavior.
After ruling out the effects of topography and roughness on cell adhesion and
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proliferation on edge-on and flat-on samples, we speculate that the reason is surface
energy, whose role in regulating osteoblast cell adhesion is still in debate [27]. Kennedy
et al. prepared the surface energy gradient by ozonolysis to convert the CH3 group into
OH and COOH layers and further coated the surface gradient with fibronectin layer.22
Because the surface with lower surface energy had higher protein adsorption,
conformational changes in the proteins, and irreversible protein adsorption, the gradient
fibronectin layer was formed before cell study [27]. Osteoblasts showed the best
spreading when the water contact angle was ~60° and lower surface energy supported
better cell adhesion and proliferation. Lim et al. prepared samples with different surface
energies using plasma-discharge-treatment of quartz for studying human fetal
obsteoblastic (hFOB) cell behavior [28]. They found that hydrophilic surfaces resulted in
homogeneous spatial growth and mineral deposition, which were enhanced from
hydrophobic surfaces [28]. Pande et al. found that titanium-zirconium alloy with a higher
surface energy (37.74 mJ m-2) had better osteoblast viability, adhesion, and proliferation
than samples with lower surface energies [29]. Our results are consistent with these
conclusions [28,29]. However, these studies were on the surfaces treated chemically and
cannot rule out the effects of functional groups. The PCL samples in this study were
prepared through crystallization without chemical treatment and thus had identical
chemistry and surface free energy was solely determined by surface topography and
organization of lamellae.

186

Figure 7.3 MC3T3-E1 cell phenotype, attachment, proliferation, and spreading on the
hot-compressed, edge-on, and flat-on samples. (A) Fluorescent cell images with
cytoplasm stained with rhodamine-phalloidin (red) and nuclei stained with DAPI (blue)
at day 1 post-seeding. The scale bar of 100 m is applicable to all fluorescent images. (B)
SEM images (day 1) at magnifications of 1000× and 10000×. (C) Cell attachment and
proliferation represented by the cell numbers at 4 h, days 1, 2, and 4. (D) Cell area at day
1. *: p < 0.05 relative to hot-compressed and edge-on samples; #: p < 0.01 relative to hotcompressed and edge-on samples.
MC3T3-E1 cell mineralization that included calcium content and ALP activity,
and relative gene expression of OCN, OPN, COL I, and ALP were examined after 14-day
cell culture, as shown in Figure 4. Calcium content and ALP activity had the same trend
for all samples. Cells on the edge-on samples had slightly better mineralization but
without significant difference. In contrast, cells on the flat-on samples had notably higher
mineralization than the edge-on samples. Relative gene expression results further
confirmed the trend for mineralization at the gene level. Normally, ALP and COL I
reached their maximum expression levels in the period of matrix maturation after one
week post-seeding [30]. COL I, an early stage marker, was synthesized mainly to support

187

matrix formation and its value dramatically decreased after matrix maturation. OCN,
OPN, and ALP that are related to mineralization had remarkably upregulated expression
on the flat-on samples compared with other groups. COL I, even though after the period
of matrix maturation, still had a better expression level on the flat-on samples.

Figure 7.4 (A) Calcium content and ALP activity of MC3T3-E1 cells after 14-day culture;
*: p < 0.05; #: p < 0.01 relative to the hot-compressed and edge-on samples. (B) Relative
gene expression levels of OCN, OPN, COL I, and ALP to GAPDH using real time PCR.
*: p < 0.05; #: p < 0.01. The relative expression value of ALP was multiplied by 10.

7.4 Conclusion
Hot-compressed, edge-on, and flat-on PCL films were prepared and the surface
morphology was observed by AFM scanning. Flat-0n surface had higher surface free
energy compared with hot-compressed and edge-on surface. MC3T3 attachment,
adhesion, spreading, proliferation, mineralization, and gene expression were evaluated
systemtically. The flat-on samples with a much higher surface free energy could
dramatically promote MC3T3-E1 cell adhesion and subsequent spreading, proliferation,
mineralization, and expression of gene markers related to osteogenesis.
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CHAPTER VIII
PROMOTING MC3T3-E1 CELL FUNCTIONS ON BIOMIMETIC
CALCIUM CARBONATE CONCENTRIC MICROGROOVES WITH
TUNABLE WIDTH

8.1 Introduction
Bone consists of a mineral moiety of hydroxyapatite (HA) and amorphous
calcium phosphate deposited on the organic collagen matrix [1]. Osteoblasts adhere to
and communicate with each other mainly through adherens junctions, which require
calcium-dependent cell-cell adhesion via cadherins [2,3]. The interaction between the
organic matrix and calcium-containing components is thus critical in bone regeneration
and ceramic bone implants have been developed from calcium carbonate (CaCO3), HA,
and calcium phosphate [4]. However, long-term observation of these materials showed
mismatch of mechanical properties and poor interaction with the surrounding tissue [5].
Facile, biomimetic synthetic approaches are needed in developing biomaterials with
improved mechanical properties, biocompatibility, and bioactivity.
One inspiration is to mimic basement membranes that widely exist in vertebrate
body and work as substrata for overlying cellular structures [6]. They have complex
topography and consist of extracellular matrix (ECM) proteins such as fibrous collagen,
laminin, and fibronectin [6]. The components, mechanical properties and topography of
both basement membranes and bioinspired substrates and scaffolds can modulate cellular
functions through activation of transmembrane integrin receptors and the strength of
integrin-cytoskeleton links [7]. To mimic these complex topographical features and study
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their impact on cell functions, micro-patterned surfaces with grooves and ridges, pits,
pores, wells and nodes, and spheres have been fabricated using various biomaterials [6,812]. Photo-crosslinked poly(ε-caprolactone) triacrylate (PCLTA) substrates with
concentric microgrooves were also developed recently in our research group through
replica molding from microfabricated silicon wafers to mimic natural self-assembled
structures such as banded spherulites and osteons for regulating mouse pre-osteoblastic
MC3T3-E1 cell behaviors [13].
In this study, we focus on biomimetic substrates made from CaCO3, which is
abundant in nature, e.g. coral skeletons and sea urchin spines, and has been widely
studied in biomineralization and biomimetic chemistry [14,15]. Amorphous CaCO3 films
were evaluated for bone replacement using rat bone marrow stromal cells [16]. CaCO3
concentric microgrooved morphology was achieved by spontaneous two-step crystal
growth on hydrogel matrices made from poly(vinyl alcohol) (PVA), poly(vinyl alcoholco-vinyl acetate), or cholesterol-bearing pullulan matrices, in the presence of poly(acrylic
acid) (PAA) [17-21]. The first step is in situ formation of disk-like flat thin film of calcite
with a thickness of ~100 nm through the cooperation of the hydrogel matrix and PAA
[17,19]. On the calcite disk, the c axes out of the disk plane are alternately aligned
perpendicularly and parallel to the radial direction of the disk because of diffusioncontrolled crystal growth [17,19]. The second step is formation of 3D relief structures
consisting of needlelike calcite crystals, which grow into elongated shape along their c
axes with increasing incubation time [17,19]. On the basis of these previous findings,
here we report CaCO3 substrates with tunable groove width through a facile means, and
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the effect of these microgrooves on adhesion, proliferation, distribution, alignment, and
differentiation of MC3T3-E1 cells.

8.2 Experimental Section
8.2.1 Materials

PVA (87-89% hydrolyzed, Mw: 124000-186000 g/mol), PAA (Mw: 1800 g/mol),
calcium chloride (CaCl2), and ammonium carbonate [(NH4)2CO3] were purchased from
Sigma-Aldrich (Milwaukee, WI).
8.2.2 Preparation of Patterned CaCO3 Films

The procedures were based on the previous reports [17,19]. PVA was dissolved in
dimethylsulfoxide (2 wt%). Then the PVA solution (70 μL) was spin-coated on
microscope slides (Fisher Scientific, Pittsburgh, PA) at a spinning rate of 3000 rpm for 30
s at room temperature. The as-coated slide was subsequently annealed at 185 °C for 30
min to crosslink PVA on the surface and slowly cooled down to room temperature. Pure
water from Millipore system was used to prepare CaCl2 aqueous solution ([Ca2+] = 10
mM) containing PAA (2.4 × 10-3 wt%). The annealed slide immersed in CaCl2 aqueous
solution was placed in a closed desiccator with (NH4)2CO3 aqueous solution in pure
water. 5.0-μm-wide CaCO3 grooves were fabricated at room temperature when the molar
ratio of (NH4)2CO3 to CaCl2 was 18 and the incubation time was 17 h. 10-μm-wide
grooves were fabricated in the same way at 37 °C. Flat CaCO3 substrates as the control
group were fabricated using the same procedure for 5.0-μm-wide grooves but without
PAA.
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8.2.3 Characterizations

Optical micrographs were taken with an optical microscope (Nikon, Japan). SEM
(S-3500, Hitachi Instruments, Japan) was employed to observe the surface and crosssection structures of CaCO3 microgrooves at an accelerating voltage of 5 kV. Prior to
observation, samples were dried completely in high vacuum and sputter-coated with a
gold-palladium layer (Emscope SC 500, Elexience).
8.2.4 Cell Culture

Mouse MC3T3-E1 cells (ATCC, Manassas, VA) were cultured using the method
previously reported [22,23]. All CaCO3 substrates were first rinsed with 70% alcohol
solution twice and then sterilized twice in excessive 70% alcohol solution for 1 h,
followed by complete drying in vacuum. MC3T3-E1 cells were seeded on all CaCO3
substrates at a density of ~11000 cells/cm2 with α-Minimum Essential Medium (α-MEM,
Gibco) containing 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin
(Gibco). The cells were cultured in an incubator at 37 °C with 95% humidity and 5% CO2.
8.2.5 Immunofluorescence Microscopy and SEM

To observe actin cytoskeleton and nuclei and measure cell density, attached
MC3T3-E1 cells on the substrates were fixed with 16% paraformaldehyde (PFA) solution
for 20 min at room temperature followed by two rinses with phosphate buffered saline
(PBS). Then the cells were permeabilized with 0.2% (v/v) Triton X-100 followed by
three rinses with PBS. Then the cells were stained with RP for 1 h at 37 °C, followed by
DAPI staining at room temperature. An Axiovert 25 light microscope (Carl Zeiss,
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Germany) was used for photographing. Cells on substrates were counted from DAPIstained images and the average number of nuclei per field in 15-20 fields was calculated
for each sample. Average cell area was calculated from over 20 non-overlapping cells at
day 1 post-seeding using ImageJ software (National Institutes of Health, Bethesda, MD).
Additionally, individual cytoskeleton at day 1 was observed using a confocal microscope
(SP2, Leica). FAs in MC3T3-E1 cells were stained first with mouse monoclonal antivinculin antibody (V9264, Sigma-Aldrich) for 1 h at 37 °C and rinsed with PBS five
times. Then FAs were labeled by anti-mouse IgG-FITC antibody (F0257, Sigma) at 37 °C
for 5 h and observed using the Leica confocal microscope. For characterization of cells
attached on the substrates at day 1 post-seeding, each sample was fixed in 5%
paraformaldehyde (w/v) for 20 min and rinsed with PBS for three times. All the samples
were dehydrated with graded ethanol solution (25%, 50%, 70%, 95%, and 100%) and
dried in vacuum overnight before the same procedure for observation using SEM.
8.2.6 ALP Activity and Calcium Assay

MC3T3-E1 cells cultured for 2 weeks were fixed with 16% PFA solution for 30
min and subsequently rinsed with PBS twice. The ALP activity was determined using a
Leukocyte Alkaline Phosphatase Kit (Sigma-Aldrich). Cell nuclei were stained with red
violet color and a higher stain intensity indicated a higher ALP activity. The calcium
deposition of MC3T3-E1 cells on the substrates was determined by immersing them in
alizarin red S solution (Ricca Chemical, Arlington, TX) for 30 min and photographed on
the Nikon optical microscope after four thorough 20-min rinses with deionized water.
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8.3 Results and Discussion
CaCO3 groove width was tuned by modulating incubation temperature. Two
different groove widths of 10 and 5.0 μm were obtained at 37 °C and room temperature
(~20 °C), respectively. Estimated from the reported images, the groove width was ~8.8
μm for CaCO3 concentric microgrooves prepared using the same method at 30 °C [17].
Controlling the groove width was inspired by the larger band width in polymer banded
spherulites when the crystallization is slower at a higher crystallization temperature
[13,24]. The diffusion-controlled crystal growth in formation of flat calcite thin films and
the periodic orientation were influenced by the incubation temperature in a similar
manner. The morphology of these two microgrooves was examined using optical
microscopy and scanning electron microscopy (SEM), as shown in Figure 8.1. From the
optical images, closely connected CaCO3 concentric microgrooves were observed and the
diameter of a ringed structure could extend to ca. 250 μm with ~10 successive concentric
rings. The 5.0- and 10-μm-wide CaCO3 grooves had a similar height of ~5.0 μm,
consistent with the reported value [17]. The groove height and width were constant along
the radius except on the edge of a ringed structure. Although the annealing time of the
substrate polymer and the molecular weight of PAA were also used to tune the
morphology of the CaCO3 films [20,21], this is the first time to report tunability of the
groove width in its concentric ringed morphology.
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Figure 8.1 CaCO3 concentric microgrooves grown on PVA matrix. (A) Optical
microscopic images; (B) SEM images of the surfaces (× 3000, top view); (C) SEM
images of the cross-sections (× 10000, side view).
Cell adhesion is a determining step for cell proliferation, differentiation, gene
expression, and tissue development and organization [25]. Figure 8.2A shows MC3T3-E1
cell images and focal adhesions (FAs) in the cells after 1-day culture on both flat
substrates and concentric microgrooves of CaCO3. The F-actin-stained cytoskeletal
images indicated that cells on flat CaCO3 substrates were motile with very few stress
fibers. In contrast, the cells on the CaCO3 microgrooves were well spread with more
well-defined stress fibers, protrusions, and filopodia. In addition, the effect of
microgrooves was more prominent when the groove width was smaller (5.0 μm). Cell
protrusions on CaCO3 microgrooves preferred to be aligned along the direction of ridges.
Vinculin-stained cells consistently had much more FAs on the microgrooves compared
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with those on the flat substrates. Again, the narrower microgrooves could induce more
FAs. The FA density, defined as the number of FAs per cell on CaCO3 microgrooves, and
the average area of FAs were larger than these on the flat substrates, and the values
increased with decreasing the groove width from 10 to 5.0 μm (Figure 8.2B). FA
circularity was also calculated using the equation of 4π × area/perimeter2, with a measure
of 1 indicating a perfect circle. The lower circularity values on CaCO3 microgrooves
meant that FAs were more aligned. In addition, FAs on CaCO3 microgrooves were mainly
distributed on the ridges. Similar to F-actin-stained cytoskeletal images, vinculin-stained
images also showed that MC3T3-E1 cells tended to grow along the groove direction,
especially when the groove width was 5.0 μm.
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Figure 8.2 (A) Fluorescent images of MC3T3-E1 cells stained with rhodamine-phalloidin
(RP, red) and 4',6-diamidino-2-phenylindole (DAPI, blue) (top row), vinculin-stained
images (middle row), and merged images with the background of CaCO3 microgrooves
(bottom row) at day 1 post-seeding. Scale bar of 20 μm is applicable for all. (B) Density,
area, and circularity of FAs measured from vinculin-stained cell images in (A). *: p <
0.05, #: p < 0.01: relative to flat CaCO3 substrates.
Substrates with micro-scale grooves and ridges can align cells along the groove
direction through the “contact guidance” effect [6,8-12]. FAs, the closest contacts
between cells and substrata, have a rectangular shape with a length of 1-5 μm and
preferred to attach in an oriented manner on the ridges when the grooves were smaller
than FAs [26,27]. After cell adhesion with aligned FAs, actin filaments or stress fibers in
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cells can also be aligned. Surface topography can regulate cell behavior through
influencing the composition and conformation of ECM proteins that serve as anchorage
sites for cells [8]. Once protein adsorption shows distinction along the ridges of
concentric microgrooves, oriented cell shape will appear as the result of preferably
formed FAs at these sites. As discussed earlier, FAs on CaCO3 microgrooves were
oriented along the ridges and it was more apparent on 5.0-μm-wide ones because the
diameter of FAs (1-2 μm) was closer to the groove width. Accordingly, the actin
filaments on 5.0-μm-wide CaCO3 grooves were also more significantly aligned along the
ridge direction than those on 10-μm-wide and flat ones. According to the mechanical
mechanism proposed for cell alignment on microgrooves, cells tend to seek a state to
balance their internal and external forces [28,29]. On microgrooved substrata, cells could
sense the forces from the microenvironment and reach equilibrium that induced an
aligned cell shape. Unlike straight parallel ones, concentric CaCO3 microgrooves with
larger curvatures produced extra tension and inhibited MC3T3-E1 cells from efficiently
migrating and growing along the ridges. Therefore, the actin filaments in cells could not
be aligned completely along the ridges.
MC3T3-E1 cell proliferation was also enhanced by CaCO3 concentric
microgrooves, as indicated by the fluorescent cell images (Figure 8.3A) and cell densities
(Figure 8.3B) counted from the nuclei over 4-day cell culture. It should be noted that only
substrates with full coverage of CaCO3 were used here. Consistently in both images and
data, the cell densities were higher on the microgrooved substrates than that on the flat
ones, especially on the 5.0-μm-wide grooves after day 2. Figure 8.3C shows that cells on
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CaCO3 microgrooves had larger areas than those on flat CaCO3 substrates, and substrates
with the narrower grooves (5.0 μm) could help cells spread better compared with the
wider ones (10 μm). As discussed earlier, MC3T3-E1 cell adhesion regulated by surface
topography was the reason for the differences in later adhesion-mediated events such as
proliferation and differentiation [30].
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Figure 8.3 (A) Fluorescent images of MC3T3-E1 cells with cytoplasm stained with RP
(red) and nuclei stained with DAPI (blue) at 12 h, days 1, 2, and 4 post-seeding. Scale bar
of 50 μm is applicable to all. (B) Cell proliferation on flat and microgrooved substrates of
CaCO3, represented by the cell numbers at 12 h, days 1, 2, and 4. (C) Cell area at day 1. *:
p < 0.01 relative to flat CaCO3 substrates; #: p < 0.05 relative to flat and 5.0-μm-wide
CaCO3 grooves.
MC3T3-E1 cell adhesion and proliferation were also characterized using SEM
images (Figure 8.4). More cells were observed on CaCO3 microgrooves than on the flat
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ones and this trend was more evident on the narrower grooves (Figure 8.4A), in
agreement with the cell images in Figure 8.3A. With a higher magnification (Figure 8.4B),
cells on the flat CaCO3 substrates were still spreading with high thicknesses and very few
filopodia. In contrast, cells cultured on the microgrooves were more spread with more
filopodia. Cells on the 5.0-μm-wide CaCO3 grooves had remarkably larger spread areas
with much lower cell thicknesses and more filopodia projecting from cell membranes.
The SEM result was consistent with the quantification of cell area in Figure 8.3C,
suggesting that CaCO3 microgrooves, especially 5.0-μm-wide ones, could promote cell
spreading. We also compared MC3T3-E1 cells on the PVA matrix for CaCO3
crystallization with those on CaCO3 microgrooves and flat surfaces, and found cells
preferred to grow and proliferate on the CaCO3 substrates, in particular, 5-μm-wide
grooves (Figure 8.5). This result was expected because PVA matrix was essentially a
hydrogel layer that is known to resist protein adsorption and cell adhesion [7].
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Figure 8.4 SEM images of MC3T3-E1 cells cultured on CaCO3 substrates for 1 day. A: ×
1000; B: × 10000.
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Figure 8.5 Fluorescent images of MC3T3-E1 cells with cytoplasm stained with RP (red)
and nuclei stained with DAPI (blue) at day 1 post-seeding on (A) flat substrates, (B) 10μm-wide, and (C) 5.0-μm-wide grooves of CaCO3. Scale bar of 100 μm is applicable for
A-C. (D) Cell number on different substrates. *: p < 0.05 and #: p < 0.01: relative to the
PVA matrix.
MC3T3-E1 cell nuclear dimensions and distribution were also regulated by the
CaCO3 microgrooves. As shown in Figure 8.6A, nuclei were randomly distributed and
had a round shape at all time points on flat substrates and 5.0-μm-wide grooves of CaCO3.
At day 4, the nuclear area of MC3T3-E1 cells was 130 ± 10 μm2 and the diameter was
12.3 ± 0.9 μm on flat CaCO3 substrates. These two values increased to 201 ± 18 μm2 and
15.7 ± 1.0 μm on 5.0-μm-wide CaCO3 grooves, respectively. In clear contrast, when the
groove width was 10 μm, cell nuclei could be trapped inside the microgrooves and
aligned along the groove direction after day 2 with an area as small as 115 ± 6 μm2.
Nuclear distribution was defined as the percentage of cell nuclei trapped inside the
microgrooves in the entire number of nuclei. Unlike those on flat substrates or 5-μmwide grooves, the nuclear circularity on 10-μm-wide grooves decreased with increasing
the culture time, indicating more alignment (Figure 8.6B). Meanwhile, cell nuclei were
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more likely trapped in the 10-μm-wide grooves (Figure 8.6C). As discussed in Figure 2,
actin cytoskeleton of the cells on CaCO3 microgrooves could be circularly oriented. This
distortion in the pattern of actin structure would immediately affect intermediate
filaments, which effectively transfer the force from membrane distortion to nuclei [31-33].
In other words, molecular connections between actin filaments, intermediate filaments,
and nuclei can produce a pathway for mechanical signal transfer through the cells when
they respond to changes in ECM adhesivity or mechanics [31-33]. Cell nuclei could be
oriented in the same direction as that of actin cytoskeleton distortion. Though distortion
of actin cytoskeleton was found on all CaCO3 microgrooves, nuclear alignment was not
evident on 5.0-μm-wide ones. This observation can be interpreted using the comparison
in the dimensions between cell nuclei and the grooves underlying them. When the groove
width was 5.0 μm, nuclei with a larger dimension could span over several grooves and
ridges. To reach mechanical equilibrium, the nuclei bridging ridges would be stretched to
a larger content because of the distortion of actin cytoskeleton and the stress applied by
the ridges. Consequently, cell nuclei on 5.0-μm-wide CaCO3 grooves could spread over a
bigger area whereas those on 10-μm-wide ones showed opposite. Nevertheless, cell
nuclei were distorted in both scenarios when compared with the flat substrates.
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Figure 8.6 (A) Fluorescent images of MC3T3-E1 cells with nuclei stained with DAPI
(blue) at day 1 post-seeding; (B) Nuclear circularity; *: p < 0.01 relative to flat CaCO3
substrates and 5.0-μm-wide CaCO3 grooves at the same time; #: p < 0.05 relative to flat
CaCO3 substrates at 12 h; ^: p < 0.01 relative to flat CaCO3 substrates at 12 h; (C)
Distribution of MC3T3-E1 cells on 10-μm-wide CaCO3 crystals. *: p < 0.01 relative to
12 h; #: p < 0.05 relative to day 1.
MC3T3-E1 cell differentiation was also promoted by the CaCO3 microgrooves.
After 14-day cell culture, the alkaline phosphatase (ALP) activity and calcium content of
the cells (Figure 8.7A,B), two indicators of early-stage osteoblastic differentiation, on all
substrates were semi-quantified by staining with fast blue RR and alizarin red S solutions,
respectively. Both parameters were greatly enhanced on CaCO3 microgrooves. Compared
with 10-μm-wide grooves, 5.0-μm ones were darker, suggesting a better mineralization
level. This discrepancy between flat and microgrooved substrates of CaCO3 in MC3T3E1 cell differentiation should be ascribed to the following aspects, which were well
explored in literature [9,13,37]. First, CaCO3 grooves induced stronger cell adhesion and
thus strengthened cell communications, proliferation, and differentiation. Secondly, both
flat and microgrooved substrates of CaCO3 could gradually release calcium ion (Ca2+)
and promote the formation of cadherins to enhance differentiation. Thirdly, alignment and
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distortion of actin filaments and nuclei induced release of Ca2+ from the perinuclear space
through the mechanotransduction pathway and the released Ca2+ in turn upregulated
MC3T3-E1 cell differentiation and gene expression [34-36]. The fourth reason was that
the cell-material interaction depends on the restricted distribution of regulatory factors.
CaCO3 microgrooves could provide a microenvironment for achieving critical
concentrations of regulatory factors and leads to the calcified tissue formation [37]. These
factors worked collectively in regulating MC3T3-E1 cell functions.
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Figure 8.7 (A) ALP activity of MC3T3-E1 cells stained with fast blue RR/naphthol
solution (violet); (B) Calcification of MC3T3-E1 cells stained with alizarin red S solution
(red). Scale bar of 20 μm is applicable to all.
The present results can be compared with our recent reports on two groups of
substrates with concentric microgrooves [13,38]. Consistently, photo-crosslinked PCLTA
substrates with highly uniform 7.5-μm-wide and

10-μm-deep concentric grooves

enhanced MC3T3-E1 cell alignment and mineralization; however, different microgroove
dimensions did not influence cell attachment and proliferation in that study and no
groove width smaller than 7.5 μm was used [13]. Cell alignment was less significant
when the aspect ratio of grooves, defined by dividing the groove depth by the width, was
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smaller, because cells cannot sense the shallow surface topography efficiently [39]. For
MC3T3-E1 cells seeded on poly(ε-caprolactone) (PCL) banded spherulites with the
groove depth of ~350 nm and the groove width of ~30 μm, cell attachment and
proliferation were better than those on flat hot-compressed disks but no cell alignment
was observed because of the low aspect ratio of grooves [38]. In this study, we found
increased cell numbers, strongly aligned cytoplasm and nuclei along the ridge direction,
and better mineralization on CaCO3 microgrooves.

8.4 Conclusions
CaCO3 concentric microgrooves with groove widths of 5.0 and 10 μm were
fabricated through modulating incubation temperature. MC3T3-E1 cells cultured on flat
and microgrooved substrates of CaCO3 demonstrated that the microgrooves could
dramatically enhance their adhesion, spreading, proliferation, and differentiation,
especially on the narrower ones. In addition, cell nuclear distortion, either being aligned
or stretched, and distribution were also studied and more aligned cell nuclei were trapped
in 10-μm-wide CaCO3 grooves because of their comparable dimensions. This study
showed the great promise of using biomimetic CaCO3 concentric microgrooved
topography in bone tissue engineering applications.
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CHAPTER IX
MC3T3-E1 CELL FUNCTIONS REGULATED BY UNIAXIALLY
AND BIAXIALLY STRETCHED POLY(ε-CAPROLACTONE)
FILMS

9.1 Introduction
Novel biomaterials with desirable properties have been developed to satisfy the
imperative clinical needs. When implants made from these biomaterials are exposed to in
vivo environment, cells generate extra-cellular matrix (ECM) proteins to cover the
implant surface. Cells sense and respond to the implant surface via focal adhesions (FAs),
which are mediated by integrin receptors on the cell membrane to transduce signals out of
and into the living cells. The factors exerting a paramount impact on the formation of the
interface between the implant and cells include surface chemistry, topography, and
mechanical properties [1]. The roles of these factors in regulating cell behavior have been
investigated in the last several decades [2].
Cells normally survive and proliferate on solid substrates that are able to resist
force disturbance and this is called anchorage dependence. Cell anchorage on substrates
occurs with myosin-based contractility and transcellullar adhesions involving adhesion
molecules such as integrins and cadherins. Cells not only apply forces but also respond to
the resistance from substrate, tissue matrix, or adjacent cells sensed through cytoskeleton
organization. For anchorage-dependent cells, the contractile forces produced in the crossbridging interactions of actin and myosin filaments can be transmitted to the substrate,
which in turn resist the mechanical impact and adjust cell adhesion and cytoskeleton
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organization. Cells were found to prefer a substrate with mechanical properties similar to
those of the corresponding tissue.
Most studies on how substrate stiffness affects cell functions were performed on
polymer networks such as hydrogels because their mechanical properties can be readily
tuned via the cross-linking density [3]. In our research group, poly(ε-caprolactone) (PCL)
acrylates are used to form networks with physicochemical properties controlled through
both crosslinking density and crystallinity for regulating cell fate [4]. MC3T3-E1 cells
were found to attach and proliferate better on stiffer PCL with a molecular weight of
80,000 g/mol than on the softer substrate of this PCL blended with PCL with a lower
molecular weight of 2000 g/mol [5]. Biaxially stretched PCL membranes were found to
have different mechanical properties [6-10]. The film stiffness was lower when the
stretch ratio was larger [8]. 3T3 fibroblast cell proliferation was promoted on the film
with a higher stretching ratio but this result contradicted with the other results that 3T3
fibroblasts preferred stiffer substrates [8]. The effect of both uniaxial and biaxial
stretching on the mechanical properties and surface topography of PCL films and how
these substrate characteristics influence cell behavior have not been systematically
investigated. Here we report the different mechanical properties of uniaxially and
biaxially stretched PCL films and distinct MC3T3-E1 cell adhesion, attachment,
proliferation, mineralization, and gene expression on these films.
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9.2 Experimental Section
9.2.1 Materials

PCL (Mw: 142,658 g mol-1, Mn: 77,352 g mol-1) was synthesized through ring
opening polymerization of ε-caprolactone (Aldrich, St. Louis, MO) with pure water as the
initiator.
9.2.2 Sample Preparation

PCL was melted at 85 °C, compressed into thin films (thickness: ~2 mm) between
two clean glass slides, and cooled down at room temperature. Then the as-compressed
films were stretched using a film stretcher (T. M. Long Co. Somerville, NJ) according to
the instruction manual. For uniaxial stretching, two strain levels of 600% and 1000%
were applied and the resulted films were named as S600 and S1000, respectively. For
biaxial stretching, the films were stretched at an elongation ratio of 4.0, beyond which the
films were liable to break.
9.2.3 Characterizations

The mechanical properties of the PCL specimens were measured using a dynamic
mechanical analyzer (DMTA-5, Rheometric Scientific) at 37 °C. Briefly, PCL strips (~20
× ~1.5 × ~0.5 mm, length × width × thickness) were elongated at a strain rate of 0.0005
s-1. For each group, five specimens were studied and the tensile modulus was the initial
slope of the stress-strain curve. The thermal properties of the PCL samples were
determined using a Perkin Elmer Diamond differential scanning calorimeter (DSC) in a
N2 atmosphere. The PCL samples were heated from 25 to 100 °C at a heating rate of 10
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°C/min and the heat flow was recorded. To observe the surface features, all the samples
were dried completely in high vacuum and sputter-coated with one gold-palladium layer
prior to observation via SEM (S-3500, Hitachi Instruments Inc., Tokyo, Japan) at an
accelerating voltage of 5 keV. AFM scanning of the sample surface was performed on a
Nanoscope V control system (Veeco Instruments, Santa Barbara, CA) using the tapping
mode. The root mean square roughness (Rrms) was determined from the height images.
9.2.4 In vitro Cell Attachment and Proliferation

Mouse MC3T3-E1 cells (ATCC, Manassas, VA) were cultured using the
procedure reported previously [11,12]. Prior to cell culture, all the PCL samples were
immersed in 70% alcohol solution for 20 min to clean the surface, sterilized in 70%
alcohol solution, and dried completely in high vacuum at room temperature. MC3T3-E1
cells were seeded on the samples at a density of ~ 15000 cells/cm2 in a 24-well tissue
culture plate and cultured in α-Minimum Essential Medium (α-MEM, Gibco) containing
10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco). Then the
samples seeded with cells were placed in a cell incubator with 95% humidity, 5% CO2,
and a temperature of 37 °C. At cell culture time points of days 1, 2, and 4, cell number
was quantified using a colorimetric cell metabolic assay (CellTiter 96 Aqueous One
Solution, Promega, Madison, WI).
9.2.5 Immunofluorescence Microscopy and SEM

At each time point, cells were fixed with 4% (w/v) paraformaldehyde (PFA)
solution (Electron Microscopy Science, PA) for ~20 min at room temperature, rinsed
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with phosphate buffered saline (PBS) three times, and subsequently permeabilized with
0.2% (v/v) Triton X-100. After being rinsed with PBS twice, the cells were stained with
rhodamine-phalloidin (RP) for 1 h at 37 °C and 4',6-diamidino-2-phenylindole (DAPI) at
room temperature. An Axiovert 25 light microscope (Carl Zeiss, Germany) was used to
visualize the cytoplasm and nuclei. Cell area was measured using ImageJ software
(National Institutes of Health, Bethesda, MD) from over 50 non-overlapping RP- stained
cells.
Cell adhesion was studied using both vinculin staining and SEM. Vinculin
staining was performed as follows. The cells fixed with 4% PFA solution were stained
with mouse monoclonal anti-vinculin antibody (V9264, Sigma-Aldrich) for ~1 h at 37 °C
and then rinsed with PBS thoroughly. Then the cells were stained with anti-mouse IgGFITC antibody (F0257, Sigma) in an incubator for more than 4 h. The focal adhesions
were photographed using a confocal microscope (SP2, Leica). Quantification of focal
adhesions was conducted using ImageJ from more than 50 vinculin-stained cells. Prior to
SEM observation, the cells fixed with 4% PFA and rinsed with PBS three times were
dehydrated with gradient alcohol solutions (30%, 50%, 60%, 70%, 80%, 90%, 95%, and
100%). Dehydration was performed twice at each alcohol concentration and the
dehydration time was 10 min each. Then the cells were dehydrated in a mixture (1:1, v/v)
of alcohol and hexamethyldisilazane (Electron Microscopy Science, Hatfield, PA) and
further in hexamethyldisilazane. After complete drying in air, the cells were sputtercoated with a gold-palladium layer and observed using SEM (S-3500, Hitachi
Instruments Inc., Tokyo, Japan) at an accelerating voltage of 10 keV.
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9.2.6 ALP Activity and Calcification Assay

The ALP activity and calcium content of MC3T3 cells cultured for 14 days were
measured as described previously [11]. Briefly, the cells were rinsed with PBS to remove
unattached cells and other residues, trypsinized, and rinsed again with PBS. Then cell
suspension in PBS was centrifuged at 1000 rpm for 5 min to obtain cell pellet. Then the
cell pellet was re-suspended in 1 mL 0.2% Nonidet P-40 solution after removing the
supernatant and sonicated in ice water for 2 min. A fluorescent-based ALP detection kit
(Sigma, St. Louis, MO) and a Quantichrom calcium assay kit (BioAssay System,
Hayward, CA) were used to determine the ALP activity and calcium content, respectively.
9.2.7 Gene Expression

MC3T3-E1 cells cultured on the samples for 14 days were rinsed with PBS twice
and the RNA was isolated from cells using an RNeasy Mini Kit (Oiagen, Valencia, CA),
followed by cDNA synthesis using a cDNA synthesis kit (Thermo Scientific). The
expression levels of integrin subunits, α1, α2, and β1 in cells cultured for 1 day and OCN,
ALP, and OPN in cells cultured for 14 days, as well as the house-keeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), were quantified through real time
polymerase chain reaction (PCR) and determined on a thermal cycler with fluorescence
detection systems (PTC-200, MJ Research) using a Power SYBR® Green PCR Master
Mix (Applied Biosystems, Carlsbad, CA).
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9.2.8 Statistical Analysis

Cell culture was conducted in quadruplicates for each group and each time point.
All values were expressed as mean ± standard deviation. The statistical significance (p <
0.05 or < 0.01) in the differences between groups was determined using student’s t-test.

9.3 Results and Discussion
In general, the stress-strain curve of a semi-crystalline polymer has three typical
regions, i.e., elastic region before the yield point, cold-drawing region in which polymer
chains are highly aligned, and strain-hardening region. As shown in Figure 9.1a, the
original PCL sample presented this typical stress-strain curve and the cold-drawing stage
followed a yield point at the strain of ~40% and ended at the strain of ~800%. The strainhardening stage appeared before polymer fracture at the strain of ~1000%. For the
original PCL, the Young’s modulus, tensile stress, and elongation at break were
determined to be 323 ± 19 MPa, 24 ± 4 MPa, and 1007 ± 59%, respectively. The 600%
uniaxially stretched PCL films, i.e., S600, showed a higher Young’s modulus of 547 ±
34 MPa and a higher tensile stress of 98 ± 8 MPa, but a much lower elongation at break
of 39 ± 6%. Because of the highly aligned polymer chains along the drawing direction,
S1000 samples displayed highly improved Young’s modulus of 1287 ± 85 MPa and
tensile stress of 175 ± 17 MPa, but an even lower elongation at break of 8 ± 2%. Polymer
chains in biaxially stretched (BS) films were aligned in multiple directions and thus they
had to go through realignment in single-direction tensile testing and did not show
significantly improved tensile strength, as shown in Figure 9.1a. The Young’s modulus,
tensile stress, and elongation at break of the BS sample were measured to be 359 ± 42
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MPa, 43 ± 5 MPa, and 98 ± 13%, respectively. Figure 9.1b shows the enlarged region at
strain of 0-30% in the representative stress-strain curves of original, S600, S1000, and BS
samples to indicate the distinct Young’s moduli among these samples.
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Figure 9.1 (a) Representative stress-strain curves of PCL samples. (b) Representative
stress-strain curves of PCL samples at low strain region. (c) DSC curves of PCL samples
The DSC curves of the PCL samples used to determine their thermal properties
are demonstrated in Figure 9.1c. The melting points of original, S600, S1000, and BS
samples were measured to be 59.2, 58.7, 58.3, and 58.9 °C, respectively. On the basis of
the heat of fusion (ΔHm) obtained from the DSC curves, the crystallinity was calculated
by dividing ΔHm by ΔHm0, which is the value of 135 J/g for 100% crystalline PCL. The
crystallinities of original, S600, S1000, and BS samples were calculated to be 68%, 62%,
61%, and 62%, respectively. These results indicated that stretching did not significantly
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alter the crystallinity and melting point of PCL. Melting of a semi-crystalline polymer is
a first-order phase transition, which is discontinuous. In melting, polymer chains well
folded in crystallites gradually appear in the disordered state. The whole process absorbs
heat energy to obtain the freely extended chains in the melt. Polymer stretching lowers
the folding extent of those polymer chains and aligns them in a specific direction, which
may in turn decrease ΔHm slightly. However, the crystallinities of the stretched PCL
samples did not change significantly compared with original samples, as also found in a
previous report [7]. The effect of drawing on the melting point for orthorhombic unit cell
crystal structures, for example, those for PCL and ultra-high-molecular-weight
polyethylene (UHMWPE), was studied and larger and thicker lamellas formed in drawing
to induce higher melting points [7,13]. In contrast, we found that the drawing decreased
the melting point of PCL slightly. The discrepancy might be caused by the difference in
the drawing extent between the previous studies and ours. For example, the biaxially
drawing ratio of 3 × 3 applied to PCL in the previous study was lower than our present
value of 4 × 4. A higher drawing ratio causes polymer chain alignment instead of
formation of larger and thicker lamellas and thus it may decrease the melting point of the
polymer. In the literature study, biaxially stretched PCL and UHMWPE also showed a
broader melting peak, suggesting that the lamellas were broken and the lamellar size
distribution widened. Our DSC curves of S600 and BS showed the same trend but S1000
had an even narrower melting peak compared with original PCL because the highly
aligned polymer chains might have extremely narrow chain arrangement rather than
wider lamella size distribution.
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Biaxially stretched PCL films fabricated at a drawing ratio of 2.5 × 2.5 were
reported to show fibril morphology aligned along the drawing direction[9]. Consistently,
the S600 PCL sample here also displayed oriented fibril-like view along the stretching
direction, as demonstrated in the SEM images in Figure 9.2. In contrast, the original and
BS PCL films showed a regular, smooth surface while the S1000 sample displayed fine

10000×

500 ×

fibril-like view.

Original

S600 films

S1000 films

BS4

Figure 9.2 SEM images of PCL samples. Top row: ×500; bottom row: ×10000

The polymer lamellae attach the substrates in two ways which are flat-on and
edge-on [14, 15]. In case of flat-on arrangement, the chain folds of the lamellae cover the
substrate surface, whereas the lateral surface of the lamellae covers the substrate surface
in edge-on arrangement. Chain folds are normally considered as amorphous or quasiamorphous state and the lateral surface is believed to be crystalline state. Thus, polymer
lamellae are anisotropic units. However, the lamellae do not show preference in
orientation in bulk or films with large thickness. Consequently, the bulk and thick films
illustrate isotropic arrangement of polymer lamellae. The feasible method to control the
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arrangement of polymer lamellae on substrates is to tune the film thickness in which
polymer lamellae are formed. When the film thickness is comparable to the lamellar
thickness, the free rotation of lamellae is inhibited and the lamellae exist with the surface
of chain folds parallel to the substrate, namely, the flat-on lamellae are formed. In the
other situation in which the film thickness is much larger than lamellar thickness, the
surface of the lateral surface parallel to the substrate surface is induced, namely, edge-on
lamellae. Normally, the larger the film thickness is, the higher the component of edge-on
lamellae.

Figure 9.3 AFM images of PCL samples. Top row: height images; bottom row: phase
images corresponding to the square in the top row.
As shown in the AFM phase image in Figure 9.3, the surface of the original PCL
sample was covered with both flat-on and edge-on lamellae. The fibril-like structure was
the feature of edge-on lamellae, while the rest part was flat-on lamellae. As observed in
SEM images, the AFM images of the S600 film also showed that drawing generated
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groove-like structure on the surface and the groove depth determined from the height
profile was ~1.5 μm and the widths of both the valleys and ridges were irregular in the
range of 5~10 μm. Also consistent with the SEM images, the AFM images of S1000
films showed a fine fibril-like structure aligned by drawing. The AFM images of the BS
film also showed slight fibril-like topography, similar to a previous report [9]. Overall,
the edge-on lamellar view disappeared due to the alignment in S600, S1000, and BS films.
MC3T3-E1 cell adhesion was evaluated using three different methods,
characterization of FAs, SEM, and integrin expression [16,17]. FAs are the closest
contacts between cells and substrates, shown as green spots in Figure 9.4a. FAs were
larger and denser on the S1000 and BS films than on the original and S600 ones. The FAs
on the S1000 and BS films were strongly oriented, whereas those on the original and
S600 films were almost round. MC3T3-E1 cell morphology was also highly influenced
by the underlying substrates. Cells on the S600 film were prominently aligned along the
stretching direction, while those on the original and S1000 films spread randomly without
showing a preferential direction. The cells on S1000 films had a much larger spread area
and much better stress fibers compared with those on the original and S600 films, and the
cells on the BS film were between them. The SEM images in Figure 9.4b further
provided insight into the interaction between the cells and the substrates. The cells on the
original and S600 films were thicker and had fewer filopodia extending from cell body.
However, in comparison with the cells on original films, the cells on the S600 film were
clearly aligned along the stretching direction either in the valley or on the ridges, as also
found in Figure 9.4a. The cells on the S1000 and BS films were much thinner, indicating
much better spreading, than those on the original and S600 films. In addition to good
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spreading, cells on the S1000 film also showed more filopodia compared with those on
BS films.
The FAs were also quantified from vinculin-stained cells in Figure 9.4a using
ImageJ and the results are shown in Figure 9.4c. FAs on the S1000 film had a
significantly larger area than those on the original and S600 films, while those on the BS
film were also larger than the latter two but the difference was not significant. The
density of FAs, which is defined as the number of FAs per cell, was significantly higher
on the S1000 and BS films than on the original and S600 films, and the value on the
S1000 film was even higher than on the BS film. The circularity, defined using the
equation of 4π × area/perimeter2, of FAs on the S1000 film was significantly smaller than
on the other films, showing better alignment of FAs. FAs provide sites to activate
intracellular signaling molecules, for example, focal adhesion kinase (FAK) and
extracellular signal-regulated kinase (ERK1/2), and they are regulated by transmembrane
integrins, which are critical in the communications between ECM proteins and the
nucleus [18,19]. Hence, cell adhesion can be characterized by the integrin expression.
Figure 4d shows the expression levels of integrin subunits α1, α2, and β1 relative to that
of GAPDH. The relative expression levels for all these three subunits were significantly
larger on the S1000 and BS films than on the original and S600 films, and they were
much better on the S1000 film than on the BS film.
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Figure 9.4 MC3T3-E1 cell adhesion on the original, S600, S1000, and BS PCL samples.
(a) Vinculin-stained images (green, left column) and merged images of cells stained with
rhodamine-phalloidin (red) and vinculin (right column). White arrow indicates the
stretching direction. (b) SEM images (day 1) at magnifications of ×1000 (left column)
and ×10000 (right column). (c) Density, area, and elongation of FAs. (d) Relative
expression of integrin subunits of α1, α2, and β1 at day 1. *: p < 0.05; #: p < 0.01 relative
to the original samples.
The optimal environment for MC3T3-E1 cell attachment, proliferation, and
mineralization should be similar to the in vivo bone tissue that provides appropriate
topographical, chemical, and mechanical factors. During the interaction between cells
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and substrates, the contractile forces generated by the cross-bridging interactions of actin
and myosin filaments can be transmitted to the substrates and exert mechanical impact on
the substrate. The substrate, in turn, is resistant to this impact, which leads to the
adjustment of cells in adhesions and cytoskeleton. Stretching enhanced the mechanical
strength of the PCL film and thus the stretched PCL films with increased stiffnesses, in
particular, the S1000 and BS films, promoted MC3T3-E1 cell functions.
In addition to substrate stiffness, substrate topography was also involved in
affecting

MC3T3-E1

cell

adhesion,

attachment,

spreading,

proliferation,

and

differentiation via “contact guidance” in this study [1,20-23], as the fibril-like structure
on the S600 and S1000 films were like grooves. In contact guidance, micron-sized FAs
bridge cells and substrates closely and can be aligned on groove ridges when the grooves
are comparable to or smaller than FAs, and subsequently the cell actin filaments are also
aligned. [16,17]. On the other hand, ECM protein absorption is also influenced by
grooves and such preferred ECM protein distribution was found to affect FA distribution
and cell alignment [24]. Our previous research showed that MC3T3-E1 cells were
aligned on photocured polymer substrates with 7.5 μm-wide and 1 or 10 μm-deep
microgrooves, while they could not sense the surface roughness and topography when the
grooves were wider than 5 μm and shallower than 1 μm [25]. Consistent with the
previous report, Figures 9.4a,b showed that the cytoplasm was strongly aligned along the
stretching direction on the S600 film, which had a groove-like structure with the groove
depth of ~1.5 μm and width of 5~10 μm.
The effect of groove dimension on osteoblasts can occur when the groove size is
at the nanometer scale. Osteoblastic cytoplasm and F-actin filaments were found to be
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aligned when the groove width was 75-150 nm and depth was as small as 33 nm, which
were comparable to the dimension of bone ECM [20,26,27]. FAs were also reported to be
oriented along the groove direction [28]. In this study, the S1000 and BS films were
similar to nanoscale grooves with a width of ~50 nm and a depth of ~10 nm. However,
cells on the S1000 and BS films did not show clear alignment of cytoplasm and FAs
along the stretching direction, which can be explained by the irregular and discontinuous
ridges and valleys and low aspect ratio of the grooves defined by the ratio of depth to
width.
MC3T3-E1 cell attachment and proliferation on the PCL films were also studied
using MTS assay and fluorescence images, as shown in Figure 9.5. The fluorescence
images demonstrated that cells had higher densities on the S1000 and BS films than on
the S600 and original films and the value on the S1000 film was the highest. Cells were
aligned along the stretching direction on the S600 film, as also shown in Figure 9.4a,b.
As shown in Figure 9.5b, cell attachment represented using the cell numbers obtained at 4
h post-seeding was significantly higher on the S1000 film than on the other films and it
was slightly higher on the BS film than on the original and S600 films. Figure 9.5c shows
that cells proliferated much better on the S1000 film than on the others at all time points
and the difference became larger when the culture time was longer. At days 1 and 2, there
were no significant differences observed among the original, S600, and BS films,
although cells on the BS film showed slightly better proliferation and eventually had a
significantly higher number at day 4. As discussed earlier, the cell attachment and
proliferation results should be ascribed to the consequences of cell adhesion [29].
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Figure 9.5 (a) Fluorescence images of MC3T3-E1 cells stained with rhodaminephalloidin (red) and DAPI (blue) at day 1, 2, and 4. The white arrow indicates the
stretching direction. (b) Cell attachment represented by the cell number determined by
MTS assay at 4 h. (c) Cell proliferation represented by the cell numbers at day 1, 2, and 4.
*: p < 0.05 relative to original and S600 samples; #: p < 0.01 relative to original, S600,
and BS samples.
DAPI-stained MC3T3-E1 cell nuclei at day 1 post-seeding were analyzed in terms
of shape and area using ImageJ, as shown in Figure 9.6. Cell nuclei on the original,
S1000, and BS films had a regular round shape, whereas those on the S600 film were
evidently aligned along the stretching direction. In addition, cell nuclei on the S1000 and
BS films were distorted and had a larger size compared with those on the original one.
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The cell nuclear area decreased from 171 ± 20 μm2 on the original film to 119 ± 21 μm2
on the S600 film. The value increased to 248 ± 36 and 260 ± 27 μm2 on the S1000 and
BS films, respectively. The nuclear circularity was determined to be 0.92 ± 0.03, 0.80 ±
0.05, 0.91 ± 0.02, and 0.92 ± 0.02 on the original, S600, S1000, and BS films,
respectively. As the cytoskeleton and actin was aligned along the stretching direction for
the S600 film (Figure 9.5a), the intermediate filaments sensed the force from the
alignment and further transferred the force to deform nuclei through the mechanical
signal transfer pathway [30-32]. Following the similar mechanism, better cell spreading
on the S1000 and BS films induced nuclear expansion.

Figure 9.6 MC3T3-E1 cell nuclei stained with DAPI at day 1 post-seeding on the hotcompressed and stretched films.
MC3T3-E1 cell mineralization was evaluated at day 14 using ALP activity,
calcium content, and expression levels of three osteoblastic gene markers, i.e., ALP,
OCN, and OPN. As shown in Figure 9.7a, the ALP activity and calcium content of the
cells on the S1000 and S600 films were significantly better than on the original and BS
films, and the values on the S1000 film were the highest. Figure 9.7b shows that the cells
on the S1000 film had much higher expression levels for ALP, OCN, and OPN than
others, and in turn, cells on the S600 and BS films had significantly higher values than on
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the original film. Because the S1000 film supported cell adhesion and proliferation better
than other samples, it should also support better mineralization. Intriguingly, the cell
adhesion and proliferation on the S600 film were similar to those on the original film and
even poorer than on the BS film, but the S600 film resulted in better mineralization of the
cells than the other two. This result can be interpreted using the effect of microgrooves on
MC3T3-E1 cell functions. First, the distortion of actin filaments and nuclei could induce
release of calcium ions from perinuclear space via the mechanotransduction pathway and
the calcium ions further promoted MC3T3-E1 cell mineralization and gene expression
[33-35]. The microgrooves also provide a microenvironment to condense regulatory
factors to reach the critical concentrations, beyond which calcified tissue formation can
be fostered [36]. The ALP activity and calcification of MC3T3-E1 cells were promoted
on microgrooved CaCO3 substrates of than on the flat one, and the 5 μm-wide
microgrooves induced better differentiation than the 10 μm-wide ones [12]. In another
report, photocured polymer microgrooved substrates with a fixed depth of 10 μm and
different groove widths of 7.5, 16.1, 44.2, and 91.2 μm were used to regulate MC3T3-E1
cell functions and higher mineral deposition and better OCN expression were
observed,[25] consistent with the results in the present study.
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Figure 9.7 (a) ALP activity and Calcium content of MC3T3-E1 cells at day 14. *: p <
0.05 relative to the original and BS samples. (b) Relative gene expression levels of ALP,
OCN, and OPN to GAPDH determined by real time PCR. *: p < 0.05 relative to original
samples; #: p < 0.01

9.4 Conclusions
Uniaxially and biaxially stretched PCL films were prepared. The S600 film
showed an evident groove-like view along the stretching direction while the S1000 and
BS films showed a fibril-like view. Stretching enhanced the substrate stiffness
dramatically, especially for the S1000 film, but did not alter their thermal properties
significantly. The S1000 and BS films, especially the S1000 one, promoted mouse
MC3T3-E1 cell adhesion, attachment, proliferation, and mineralization, than the original
film. The S600 film did not promote MC3T3-E1 cell attachment and proliferation but
enhanced its differentiation because of the groove-like topography compared with the
original film.
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CHAPTER X
BANDED SPHERULITES OF POLY(ε-CAPROLACTONE) AND
POLY(3-HYDROXYBUTYRATE) FOR REGULATING PC12 CELL
ATTACHMENT, PROLIFERATION, AND DIFFERENTIATION

10.1 Introduction
To facilitate peripheral and center nerve regeneration, researchers have been
developing novel and advanced nerve guides to promote nerve cell growth, guide the
growth of axons, and provide neurotrophic or cellular support in vivo. Understanding
nerve cell-material interactions is critical in design novel biomaterials for fabricating
these nerve guides. Cells can respond to the surface chemistry, topography, and
mechanical properties of the underlying substrates and implants.[1-3] Thus a desirable
nerve guide should combine optimized physicochemical and structural factors together to
obtain the best regenerative capacity.
In cell-material interactions, focal adhesions (FAs) in cells are critical as they are
protein complexes to connect the internal cytoskeleton to the extracellular matrix
(ECM).[4-7] FAs also play an essential role in neuronal differentiation because neurite
initiation and extension depend on the formation and stabilization of FAs.[8-10] FAs can
sense the topography of a substrate or implant and coordinate morphometric changes to
induce cell polarity, long cellular protrusions, and neuronal differentiation.[10,11] The
emerging neuritis from neuronal cells grow and extend towards specific direction, which
is known as neurite pathfinding.[12] This topographical guidance is a means to regulate
nerve cell migration and polarization. Thus biomaterial substrates or nerve guides with
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specific topographical features, such as nanogratings,[8,13] nanoparticles,[14] and
nanowires,[15] have been developed for fostering nerve regeneration.
Because of the reversible adoption of neuronal characteristics upon exposure to
nerve growth factor (NGF), PC12 cells are widely used to study nerve cell
communication, differentiation, and neurite outgrowth in vitro.[16] Previously our
research

group

reported

fabrication

of

microgrooved

substrates

made

from

photocrosslinked poly(ε-caprolactone) triacrylates (PCLTAs) with various microgroove
dimensions (depths of 0.4-12 μm, widths of 5-90 μm) via replica molding from silicon
wafers with parallel microgrooves.[17] PC12 cells cultured on these microgrooved
polymer substrates were aligned strongly in all microgrooves and the cells exposed to
NGF had more prominent neurite outgrowth along groove direction. Meanwhile, PC12
cells were highly sensitive to the groove features and neurite outgrowth was enhanced on
microgrooved substrates than on the flat one, especially when the grooves were narrower
and shallower. PC12 cell differentiation was performed on nanogratings (linewidths of
500-750 nm, depths of 200-250 nm) prepared using nanoimprint lithography and
nanogratings were found to efficiently induce bipolar cells with decreased migration
speed and neurite length.[8]
Poly(ε-caprolactone) (PCL) is a well studied biodegradable, semi-crystalline
polymer with a low glass transition temperature (Tg) of ~-60 °C and a melting
temperature (Tm) of 20-60 °C, depending on its molecular weight.[18] Our research
group reported that mouse pre-osteoblastic MC3T3-E1 cell attachment and proliferation
were higher on the rougher surface of PCL banded spherulites, compared with those on
non-banded and hot-compressed PCL films.[19] In contrast, MC3T3-E1 cell attachment
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and proliferation were lower on rougher spherulitic surfaces of poly(L-lactide) (PLLA)
than on the amorphous one prepared from quenching the melt.[20,21] Because PLLA has
a higher Tg of ~60 °C than that of PCL, we speculated that the different MC3T3-E1
responses to PLLA and PCL spherulitc surfaces might be attributed to their flexibility
and chain mobility at the cell culture temperature of 37 °C. PC12 cells were reported to
respond to different substrate stiffnesses by having greater neurite extension on a softer
one.[22,23] To obtain a good understanding about how polymer crystalline surfaces
affect cell behavior, we deliberately selected two semi-crystalline biomaterials that can
readily form banded and non-banded spherulites but with distinct thermal and mechanical
properties to conduct PC12 cell study. One of them is PCL as a relatively softer substrate
while the other one, poly(3-hydroxybutyrate) (PHB), a bioderived and biodegradable
polyester with a Tg of ~0 °C and a high Tm of 175 °C, was used as a relatively more rigid
one. In addition, how PC12 cells respond to circular microgrooves has not been reported
to date. In this report, we address these issues by conducting PC12 cell studies on PCL
and PHB substrates, including banded and non-banded spherulitic surfaces and hotcompressed smooth surfaces.

10.2 Experimental Section
10.2.1 Materials

PCL was synthesized through ring-opening polymerization of ε-caprolactone in
the presence of initiator water in our lab. Using gel permeation chromatography (GPC,
PL-GPC120, Polymer Laboratories) with polystyrene standard samples (Polymer
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Laboratories) for calibration and THF as the eluent, the number-average molecular
weight and weight-average molecular weight of PCL were determined to be 77350 and
142660 g mol-1, respectively. PHB was purchased from Sigma-Aldrich (Milwaukee, WI)
and used as received.
10.2.2 Sample Preparation

PCL was dissolved in methylene chloride (CH2Cl2) at 0.1 g mL-1. Three hundred
microlitters of PCL solution was spin-coated onto a round glass coverslip (15 mm,
diameter) using a single-wafer spin processor (Laurell Technologies, North Wales, PA) at
a spin rate of 1000 rpm for 30 s at room temperature. After the PCL films on coverslips
were dried completely in vacuum, they were melted at 80 °C for 10 min and then
transferred to a hot stage with a preset crystallization temperature. PHB films were
prepared by drop-casting 60 μL PHB solution in chloroform (CHCl3) (0.1 g mL-1)
directly on round glass coverslips. After being completely dried in vacuum, PHB films
were melted at 190 °C for 10 min and then quickly transferred to a hot stage with a preset
crystallization temperature. Flat films of PCL and PHB as the control groups were
prepared by compressing their melts between two glass slides and cooled down to room
temperature.
10.2.3 Surface Characterizations

The crystalline structures of the polymer films were observed using -polarized
optical microscopy (POM). The surface morphologies of the polymer films were detected
using a multimode atomic force microscope (AFM) with a Nanoscope V control system
(Veeco Instruments, Santa Barbara, CA). A tapping mode over a scan area of 100 μm
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×100 μm and 50 μm ×50 μm was used for PCL and PHB films, respectively. Root-meansquare roughness (Rrms) was measured from the height AFM images using the WSxM 4.0
software (Nanotec. Electronica S.L.).
10.2.4 In vitro PC12 Cell Attachment, Proliferation, and Differentiation

Prior to cell studies, the polymer films were immersed in 70% alcohol solution for
30 min for cleaning, rinsed in 70% alcohol solution again for 10 min twice for
sterilization, and completely dried in vacuum. Rat PC12 cells (CRL-1721, ATCC,
Manassas, VA) were cultured in a growth medium composed of F-12K media (Gibco,
Grand Island, NY), 5% fetal bovine serum (FBS, Gibco), 15% horse serum, and 1%
penicillin/streptomycin (Gibco) in a cell incubator with 5% CO2 and 95% relative
humidity at 37 °C. PC12 cells were seeded on the sterilized PCL and PHB films at a
density of ~14000 cells per cm2 and cultured in incubator for 4 h and 1, 4, and 7 days.
Cell numbers were quantified using a colorimetric cell metabolic assay (CellTiter 96
Aqueous One Solution, Promega, Madison, WI), on the basis of a standard curve that
correlated the number of viable cells to the UV absorbance at 490 nm measured using a
microplate reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA). To
conduct PC12 cell differentiation, they were cultured in a growth medium replenished
with 50 ng mL-1 NGF for 7 days. After cell culture, the medium was removed and PBS
was used twice to remove unattached cells and medium residue. The attached cells were
fixed using 4% paraformaldehyde (PFA) solution for 30 min, rinsed with PBS twice, and
permeabilized with 0.2% Triton X-100 solution. The fixed cells were stained with
rhodamine-phalloidin (RP) for 1 h at 37 °C in a cell incubator and then diamidino-2239

phenylindole (DAPI) at room temperature. The stained cells were photographed using an
Axiovert 25 Zeiss light microscope (Carl Zeiss, Germany). The number of neurites per
cell, neurite length, and percentage of differentiation (percentage of cells bearing neurites
in entire attached cells) were analyzed from more than 200 non-overlapping cells.
10.2.5 Statistical Analysis

Cell studies were performed in quadruplicates for each group at each time point.
All values were expressed as mean ± standard deviation. The statistical significance (p <
0.05 or 0.01) in the difference between two groups was obtained using student’s t-test.

10.3 Results and Discussion
When crystallized from solution or melts, semi-crystalline polymers such as
PLLA, PCL, and PHB can form non-banded spherulites, which normally present dark
Maltese crosses under a polarized optical microscopy (POM).[24] These three semicrystalline polymers can also form banded spherulites with alternating dark and bright
concentric rings as the result of lamellar twisting during crystal growth when they are
isothermally crystallized at a proper temperature.[19,25,26] The concentric rings are
ridge-valley structures with a ridge-to-ridge width or spacing that can be influenced by
the crystallization temperature and the polymer type.[24] Figure 10.1 shows the POM
images of the hot-compressed smooth films, non-banded spherulites, and banded
spherulites for both PCL and PHB. The hot-compressed sample of PHB still showed
spherulites on the surface while the hot-compressed PCL sample was much smoother.
PHB crystallized at 65 °C and PCL crystallized at 37 °C showed typical non-banded
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spherulites with small surface features. Banded spherulites were clearly observed on PHB
and PCL samples when they were crystallized at higher temperatures of 80 and 53 °C,
respectively. The diameter of the banded spherulites was ~150 μm and the ridge-to-ridge
widths were 8.5 ± 0.8 and 7.5 ± 0.5 μm for PCL and PHB, respectively.

Figure 10.1 POM images of the hot-compressed films, non-banded spherulites, and
banded spherulites. (a) PCL and (b) PHB.
The topographies of the polymer samples were also characterized using AFM
images, as shown in Figure 2. Hot-compressed PCL and PHB samples had fairly flat
surfaces with similar Rrms values of 19.4 ± 2.5 and 20.6 ± 2.5 nm, respectively. Nonbanded spherulites of both polymers displayed typical lamellar organization radiating
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from the center and their Rrms values were 43.5 ± 3.4 and 34.5 ± 5.1 nm for PCL and PHB,
respectively. Consistent with POM observation, the AFM images of PCL and PHB
banded spherulites showed alternating concentric rings along the radial direction. The
corresponding depth profiles indicated that the banded spherulites had ridge-to-valley
depths of ~200 and ~80 nm for PCL and PHB, respectively. The surfaces of the banded
spherulites were rougher and the Rrms values were 167.5 ± 8.7 and 68.5 ± 4.3 nm for PCL
and PHB, respectively. The increase in Rrms was lower for PHB than for PCL was
because their shallower valleys.
In general, polymer lamellae are bounded with two types of surfaces: one is the
surface covered by chain folds in amorphous or quasi-amorphous state and the other is
the lateral surface which is considered as crystalline.[27,28] Although polymer lamellae
have anisotropic structures, they are normally randomly distributed in polymer bulk or
thick films as isotropic organization. When the polymer film thickness is comparable to
lamellar thickness, lamellae in confinement cannot freely rotate and distribute
isotropically. The surface of chain folds is parallel to the substrate in ultrathin polymer
films and this type of lamellar orientation is called “flat-on”. The other type of lamellar
orientation “edge-on” is that the surface of chain folds is perpendicular to the substrate.
The surface of regular spherulites with thickness (> 2 μm) much larger than lamellar
thickness is generally covered with edge-on lamellae. The AFM phase images of the nonbanded spherulites in Figure 10.2 showed that the lamellae were mostly edge-on as the
fibril-like structure dominated the whole surface. For banded spherulites, the ridges and
valleys alternated periodically with varied thicknesses in these two regions and thus the
ridge was sufficiently thick to have random distribution of lamellae and the edge-on
242

morphology but the thinner valley was composed of the flat-on lamellae. Similar to the
literature report,[28] PCL banded spherulites had edge-on lamellae in the ridges and flaton in the valleys, as shown in Figure 10.2b. Different from the situation in PCL and the
previous finding that PHB banded spherulites consisted of circular ridges of edge-on
lamellae and valleys of flat-on crystals,[29] PHB banded spherulites in this study only
showed fibril-like edge-on lamellae radiating from the spherulite center on both the
ridges and the valleys. This discrepancy might be because the valleys in our PHB banded
spherulites were not sufficiently thin to generate flat-on lamellae, as evidenced by the
very shallow valleys.

Figure 10.2 AFM height and phase images of the hot-compressed films, non-banded
spherulites, and banded spherulites. (a) PCL and (b) PHB.
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Figure 10.3 Fluorescent images of PC12 cells stained with RP (red) and DAPI (blue) on
the hot-compressed films, non-banded spherulites, and banded spherulites at days 1, 2,
and 4 post-seeding. (a) PCL and (b) PHB. Scale bar of 100 μm is applicable to all images.
PC12 cells were cultured on the hot-compressed films, banded and non-banded
spherulites of PCL and PHB to investigate their response to both materials and
topographies. As shown in Figure 10.3a, PC12 cells had a lower density on hotcompressed PCL than on the spherulites and the highest value was found on the banded
spherulites at all time points. The opposite trend was found for PHB as PC12 cells
preferred to grow on the hot-compressed spherulites while the slowest proliferation
occurred on the banded spherulites. This finding agreed with our previous report that
MC3T3 cell proliferation was enhanced on rougher spherulites of PCL because the higher
surface roughness resultedin higher protein adsorption.[16] As discussed in Introduction,
MC3T3-E1 cell proliferation was reported to be lower on the rougher spherulitic surfaces
of PLLA compared with its quenched amorphous counterpart.[20,21] The distinct
thermal properties such as Tg in PCL and PLLA might be the origin for the different cell
responses to their crystalline surfaces. Although PCL is a tough semi-crystalline polymer
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with a Tm of 60 °C, it’s Tg is as low as ~-60 °C and thus the chain flexibility and mobility
are higher at the cell culture condition than those of PLLA with a much higher Tg of ~60
°C.19 In this study, the Tg (~0 °C), Tm (175 °C) for PHB were both much higher than the
values for PCL and thus PHB here could be considered to be equivalent to PLLA in terms
of regulating cell behavior using crystalline surfaces, i.e., cell proliferation was also
inhibited on the rougher surface. The observation from cell images was further confirmed
by the cell numbers at 4 h, days 1, 4, and 7, as shown in Figure 10.4.
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Figure 10.4 (a) PC12 cell attachment indicated by the cell density at 4 h post-seeding on
the hotcompressed films, non-banded spherulites, and banded spherulites of PCL and
PHB. *: p < 0.05 relative to ???. (b) PC12 cell proliferation indicated by cell numbers at
days 1, 2, and 4 post-seeding on the hot-compressed films, non-banded spherulites, and
banded spherulites of PCL and PHB. *: p < 0.05 relative to the banded spherulites and
hot-compressed films; #: p < 0.01 relative to the banded spherulites.
To demonstrate the effect of banded spherulites on PC12 cell morphology,
fluorescent images of the cells at day 1 post-seeding were taken with the background, as
shown in Figure 10.5a. PC12 cells did not show alignment on the banded spherulites,
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either PCL or PHB. In Figure 10.5b, PC12 cell nuclei did not show evident alignment
along any specific direction on the banded spherulites but they indeed preferred to stay in
the valleys. The percentages of cell nuclei located in the valleys of the banded spherulites
were ~65% and ~70% for PCL and PHB, respectively. According to the literature reports,
aligned cytoskeleton can cause distortion of cell nuclei through mechanotransduction as
the alignment of actin structure sensitively influences intermediate filaments transferring
the applied force from actin struction to nuclei.[9,14,30,31] Because the cytoskeleton
spread randomly on the banded spherulites, no clear mechanical signal was transduced to
PC12 cell nuclei to generate deformation.

Figure 10.5 PC12 cells (a) stained with RP (red) and DAPI (blue) and their nuclei (b)
stained with DAPI (blue) at day 1 post-seeding on the banded spherulites of PCL and
PHB.
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Figure 10.6 Fluorescence images of PC12 cell neurite extension stained with RP (red)
and DAPI (blue) after exposure to NGF for 7 days on the hot-compressed samples, nonbanded spherulites, and banded spherulites of PCL and PHB. Magnification: × 10. Scale
bar of 100 μm is applicable to all the images.
PC12 cell differentiation or neurite extension after the cells were cultured in the
presence of NGF for 7 days on the PCL and PHB substrates was investigated using
fluorescent images in Figure 10.6. NGF-induced neurite growth was evident on all the
samples. The neurites on the hot-compressed samples were few and short. Neurite growth
was significantly promoted on the spherulites, in particular, on the banded ones. As
demonstrated in the magnified images in Figure 10.7a, PC12 cell neurites on the banded
spherulites were dendrites and preferentially followed the ridge or groove direction. The
PC12 cell neurites on the samples were analyzed using ImageJ in terms of the number of
neurites per cell, the percentage of cells bearing neurites, and the average length per cell,
as shown in Figure 10.7b. These three parameters were significantly higher on the
spherulites than on the hot-compressed samples, and the best results were on the banded
spherulites.
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Figure 10.7 (a) Fluorescence images of PC12 cell neurite extension stained with RP (red)
and DAPI (blue) after exposure to NGF for 7 days and the distribution of neurite
extension on the banded spherulites of PCL and PHB. Magnification: × 20. Scale bar or
50 mm is applicable to all the images. (b) Quantification of PC12 cell neurites on the hotcompressed films, non-banded spherulites, and banded spherulites of PCL and PHB. *: p
< 0.05 relative to the hot-compressed films; #: p < 0.01 relative to the others.
The different neurite outgrowth on the hot-compressed samples and banded and
non-banded spherulites was attributed to the surface topographical guidance through
pathfinding, in which integrin-based focal adhesions (FAs) play an essential
role.[7,8,14,32] The topography of the non-banded spherulites

was irregular

microgrooves consisting of discontinuous, nanometer-scale small ridges radiating from
the spherulite centers. The topography of the banded spherulites was typical circular
microgrooves with a groove width of ~10 μm for both polymer and groove depths of
~200 nm and ~80 nm for PCL and PHB, respectively.
FAs, the closest contacts between cells and the substrate surfaces with micron
dimension, attended to spread on the ridges in an aligned manner, especially when the
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groove dimension was smaller than the FA size, which in turn induced the alignment of
actin filaments in the same direction.[33,34] Microgrooves also affect the distribution of
ECM proteins on the substrate surface in terms of their composition and
conformation.[34] The distinction of ECM proteins along the ridges and valleys caused
the preferential formation of FAs on the ridges, which also induced the cell alignment
along the ridge. However, topographical guidance of cells on microgrooved substrates is
highly dependent on cell type and groove dimensions. For example, our previous study
showed that MC3T3-E1 cells cultured on CaCO3 concentric microgrooved substrates
with a groove depth of ~5 μm and a groove width of ~5 or ~10 μm were both aligned but
the cell nuclei were only aligned on the 10 μm-wide one.[35] Our research group also
used photocrosslinked PCLTA substrates with 10 μm-deep concentric microgrooves to
regulate MC3T3-E1 cells and found that the narrowest width in the range of 7.5-91.2 μm
could orient the cytoskeleton and nuclei most.[36] As discussed earlier, our research
group found that MC3T3-E1 cells cultured on PCL banded spherulites similar to the ones
here did not show clear cytoskeleton alignment and attributed this finding to too shallow
valleys and also too low aspect ratio (width divided by depth) of the grooves.[19] This
was in good agreement with the present result that PC12 cells were not aligned on the
banded spherulites before the outgrowth of neurites. Nevertheless, the neurites generated
in PC12 cell differentiation could sense the surface topography in a more sensitive
manner. In pathfinding of the neurites, the filopodia and lamellipodia located at the
leading edge of the neurites dominated in sensing topography through FAs and neurite
outgrowth was driven by the traction forces via microtubules and actin filaments which
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were inflexible, causing neurite extension only along one or two directions.[37] This can
explain why the spherulites with more roughness or ridge-like topography in this study
provided partial guidance for neurite outgrowth, even though the ridges were irregular,
and why the neurites on the banded spherulites preferentially but not absolutely grew
along the ridge direction. .

10.4 Conclusions
Banded and non-banded spherulitic surfaces of PCL and PHB prepared through
isothermal crystallization as well as their hot-compressed samples demonstrated their
distinct influence on rat PC12 cell behavior. PC12 cell attachment and proliferation were
higher on the spherulites of PCL, especially on the banded spherulites, than on the hotcompressed sample. In contrast, the trend was opposite on the PHB samples, i.e.,
spherulites inhibited PC12 cell attachment and proliferation. In addition, the spherulites
of both PCL and PHB promoted NGF-induced neurite outgrowth of PC12 cells and the
banded spherulites showed evident neurite guidance along the groove direction.
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CHAPTER XI
REGULATION OF NEURAL PROGENITOR CELLS ON
HONEYCOMB-PATTERNED POLYMER FILMS

11.1 Introduction
Despite some success of clinic treatments for the injuries of the peripheral
nervous system (PNS) and central nervous system (CNS) using end-to-end surgical
reconnection of the severed nerve ends or autologous nerve grafts, both approaches face
severe limitations.[1] End-to-end reconnection treatment can only repair nerve injuries
with small gaps, but not for longer gaps because the tension generated in longer gaps can
negatively influence nerve regeneration.[1-3] Autologous nerve grafts generally cause the
dysfunction of the donor site and the availability is limited.[1] Compared with PNS, the
clinic treatments for CNS injuries are far less promising because of the poor regeneration
of CNS axons, slow macrophages infiltration, and glial scars that inhibit regeneration.1
Consequently, the imperative needs of novel and advanced therapies and devices have
driven the development of synthetic biomaterials used for nerve regeneration. In addition,
longer axon extension is desired to grow across the lesion site and bridge the gaps to
achieve functional recovery.[4] A promising material to support nerve regeneration
should promote both proliferation of nerve cells and axon extension in neurons. The
surface chemistry, topography, and mechanics of biomaterials can influence cell adhesion,
phenotype, proliferation, and differentiation.[5-7] Among these surface characteristics,
topographical guidance of nerve cells and neurite extension is particularly attractive. The
neuronal differentiation of adult rat hippocampal progenitor cells (AHPCs) on
254

microgrooved polystyrene substrates (groove width/spacing/depth: 16/13/4 μm) was
promoted by the topography through spatial control of cell-cell interactions and neurite
alignment.[8,9] Rat pheochromocytoma (PC12) cell viability, adhesion, and proliferation
were improved on poly(ε-caprolactone) (PCL) nanowire surface compared with control
surface without any nano-architecture and the subsequent neuronal markers and
phenotypic behavior were more significant on the nanowire surfaces.[10] Threedimensional agarose scaffolds with uniaxial linear pores fabricated using freeze-drying
was also found to support axonal regeneration.[11] Rat Schwann cell precursor (SpL201)
cells and PC12 cells cultured on microgrooved substrates of photo-cured PCL triacrylates
(PCLTAs) were highly aligned along the groove direction and neurite extension from
PC12 cells was promoted on the microgrooves, especially when they were narrower.[2]
Honeycomb-patterned PCL films with controllable pore diameters of 3, 5, 8, 10, and 15
μm were prepared via the breath figure method in the presence of an amphiphilic
polymer as assistance.[12,13] Neural stem cell (NSC) proliferation was enhanced on
these honeycomb-patterned PCL films but the differentiation was suppressed and larger
pores favored neurite pathfinding more.[12,13] However, the mechanism of how
honeycomb patterns affect cell-cell interactions and the differentiation of NPCs into
highly specialized cells, such as astrocytes, mature neurons, immature neurons, and
oligodendrocytes is still unknown.
Previously, our research group reported that MC3T3-E1 cell attachment and
proliferation were enhanced on rougher PCL spherulites compared with hot-compressed
PCL,[14] different from the findings that MC3T3-E1 cell proliferation was inhibited on
rougher spherulites of poly(L-lactide) (PLLA).[15,16] Thus we speculate that the thermal
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properties of the substrates played a critical role in affecting MC3T3-E1 cell
functions.[14] Although it is semi-crystalline with a melting temperature (Tm) of ~60 °C,
PCL with a glass transition temperature (Tg) of ~-60 °C is considered as a relatively soft
material at the cell culture temperature of 37 °C, while PLLA with a Tg of ~60 °C is
considered as a rigid material regardless of its crystallinity. The aim of this study was to
fabricate honeycomb-patterned films with controllable pore size using two tri-block
amphiphilic copolymers synthesized recently by us via the breath figure method and to
investigate the effect of polymer type and pore size on NPC attachment, proliferation,
and differentiation. These two copolymers named as CoPLLA17200 and CoPCL17200
consisted of a linear poly(ethylene glycol) (PEG) center block and PLLA or PCL
dendrons with a PLLA or PCL arm molecular weight of 17200 g/mol.

11.2 Experimental Section
11.2.1 Preparation of Honeycomb-patterned PCL and PLLA Derivative Copolymer
films

CoPCL17200 and CoPLLA17200 were synthesized by us as reported previously.
The honeycomb copolymer films were fabricated using the breath figure method as
reported by us previously. Briefly, the copolymer was dissolved in methylene chloride
(CH2Cl2) at a concentration of 0.01 g mL-1 and honeycomb-patterned films were prepared
on clean glass slides in a closed chamber at a relative humidity of 80 % with assistance of
moist airflow. Honeycomb films of CoPCL17200 with pore diameters of 2.5 and 5.2 μm
were prepared when the airflow rate was 100 and 0 mL min-1, respectively. Honeycomb
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films of CoPLLA17200 with pore diameters of 0.95, 1.95, and 3.1 μm were prepared at
the airflow rates of 1000, 100, and 0 mL min-1, respectively. The flat controls were
prepared by compressing the copolymer melts between two glass slides and cooling down
the samples at room temperature.
11.2.2 Surface Morphology

The honeycomb copolymer films were fixed onto clean glass slides, dried in
vacuum, and sputter-coated with a gold-palladium layer (Emscope SC 500, Elexience). A
Scanning Electron Microscope (SEM; S-3500, Hitachi Instruments, Tokyo, Japan) was
used to observe the surface morphology of the honeycomb copolymer films at an
accelerating voltage of 5 kV.
11.2.3 Water Contact Angle

The honeycomb copolymer films were completely dried in vacuum before the
measurements. Determination of water contact angles was conducted using a Ramé-Hart
NRC C. A. goniometer (model 100-00-230). Briefly, 20 μL of water droplet was injected
onto the film at room temperature and the water contact angle was recorded after the
water droplet was stable on the surface. Meanwhile, the water droplet was photographed
using a 3.0 megapixel camera (Moticam 2300, Motic).
11.2.4 Cell Culture

NPCs were cultured using the procedure reported previously.[17,18] Briefly, a
serum-free growth media containing DMEM/F12 medium (Invitrogen, Carlsbad, CA), 20
ng/mL recombinant human epidermal growth factor (EGF, Invitrogen), 20 ng/mL basic
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fibroblastic growth factor (bFGF, Invitrogen), 1% GlutaMAX (Invitrogen), and 1%
penicillin/streptomycin (Invitrogen) was prepared prior to cell culture. The cells were
cultured using this serum-free growth medium in a cell incubator with 95% relative
humidity and 5% CO2 at 37 °C and the medium was changed every other day.
11.2.5 Cell Attachment and Proliferation

The copolymer samples were punched into disks with a diameter of ~8 mm,
immersed in 70% alcohol solution to remove impurities on the surface first, sterilized in
70% alcohol solution for 30 min twice, and completely dried in vacuum prior to cell
studies. NPC cells were seeded on the samples at a density of ~14000 cells/cm2 and
cultured for 4 h, 1, 4, and 7 days. The cell number at each time point was counted using a
colorimetric cell metabolic assay (CellTiter 96 Aqueous One Solution, Promega,
Madison, WI). To visualize cells, the cells after culture for certain time were fixed in 4%
paraformaldehyde (PFA) solution at room temperature for 20 min and rinsed with PBS
twice. The cells subsequently were stained with 4',6-diamidino-2-phenylindole (DAPI) at
room temperature and photographed using an Axiovert 25 light microscope (Carl Zeiss,
Germany). To demonstrate that the cells were still in undifferentiated state at day 7, the
cells fixed with 4% PFA were further blocked with PBS solution containing 1% bovine
serum albumin (BSA) and in 0.3% Triton X-100 for 30 min at room temperature. Then
the cells were incubated with mouse monoclonal antinestin (1:500, v/v) for 1 h and stored
at 4 °C for one day. The cells were rinsed with PBS that contained 1% BSA for 10 times
and then stained with goat antimouse IgG-FITC (1:100, v/v) in the cell incubator for 2 h.
Following that, cells were rinsed with PBS twice and stained with DAPI at room
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temperature. The Axiovert 25 light microscope was employed to photograph the cells.
The percentage of nestin-positive cells to the total cell population in more than 20 cell
images was counted and averaged.
11.2.6 Cell Differentiation

Cells were seeded on the samples at a density of ~6000 cells/cm2 and cultured in
the growth medium in the cell incubator. After the cells attached onto the samples, the
growth medium was removed and substituted with a differentiation medium that
contained DMEM/F12, 1% GlutaMAX, 1% fetal bovine serum (FBS, Gibco, Grand
Island, NY), and 1% penicillin/streptomycin. The cells were cultured in the
differentiation medium for another 7 days and the medium was changed every other day.
After 7 days, the cells were fixed and blocked for nestin staining in the same way as used
for cell attachment and proliferation. For characterizing the NPC differentiation into
mature neurons, immature neurons, astrocytes, and oligodendrocytes, we used rabbit
monoclonal antineurofilament 200 (NF, 1:1000, v/v), mouse monoclonal anti-β-tubulin
III (1:500, v/v), rabbit monoclonal antiglial fibrillary acidic protein (GFAP, 1:500, v/v),
and mouse monoclonal antioligodendrocyte marker O4 (1:1000, v/v; R&D systems,
Minneapolis, MN), respectively. Goat antimouse IgG-FITC (1:100, v/v) was used as the
secondary antibody for β-tubulin III and O4. CF647 goat antirabbit IgG (1:100, Biotium,
Hayward, CA) was used as the secondary antibody for NF and GFAP. All the above
specialized staining steps were performed together with DAPI staining. The specialized
differentiation of NPCs into each lineage was quantified from 10 cell images by dividing
the number of the cells expressing the corresponding marker by the total cell number
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quantified using DAPI-stained nuclei. NF-stained cell images were used to evaluate the
neurite outgrowth and only neurites longer than the diameter of the cell body was counted.
The percentage of cells with neurites, the number of neurites per cell, the average neurite
length, and the total neurite length per cell were calculated through dividing the number
of cells bearing neurites by the total cell number, the total number of neurites in each
image by the total cell number, the total neurite length by the total number of neurites,
and the total neutite length by the total cell number, respectively.
11.2.7 Gene Expression

After NPCs were cultured in the differentiation medium for 7 days, the cells were
rinsed with PBS twice and the RNA was isolated using an RNeasy Mini Kit (Oiagen,
Valencia, CA) according to the manufacturer’s instruction. Subsequently the cDNA was
synthesized using a cDNA synthesis kit (Thermo Scientific) also according to the
manufacturer’s instruction. The oligonulceotide primers used in real-time polymerase
chain reactions (PCR) included neuron specific enolase 2 (NSE), GFAP, myelin

oligodendrocyte glycoprotein (MOG), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), as listed in Table 1. The expression levels of NSE, GFAP, MOG, and
GAPDH were determined on a thermal cycler with fluorescence detection systems (PTC200, MJ Research) using a Power SYBR Green PCR Master Mix (Applied Biosystems,
Carlsbad, CA).
.
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Table 11.1 Oligonucleotide primer sequences for real-time PCR.
primer

accession no.

sequence (5’-3’)

template

Product size (bp)

NSE

NM_013509

TGTTCTTGTCGTCGGACTGTGT

1234-1255

73

CCTCCTGGTGATTCCACAGT

1286-1306

TGTGGAGGGTCCTGTGTGTA

7435-7454

GTAGCCTGCTCCACCTTCTG

7614-7633

AAATGGCAAGGACCAAGATG

240-259

AGCAGGTGTAGCCTCCTTCA

360-379

ACTTTGTCAAGCTCATTTCC

961-980

TGCAGCGAACTTTATTGATG

1208-1227

GFAP
MOG

X_02801
NM_010814

GAPDH

NM_008084

199
140
267

11.2.8 Statistical Analysis

Cell culture was performed in quadruplicates for each group. All the data were
expressed as mean ± standard deviation. The statistical significance (p < 0.05 or p < 0.01)
in the differences between groups was determined using student’s t-test.

11.3 Results and Discussion
In the breath-figure method, the pore diameter can be tuned through controlling
the fabrication parameters such as airflow rate, humidity, the concentration and volume
of polymer solution cast on the substrates, and solvent type.[19-22] In this study, the
honeycomb copolymer films with different pore diameters were prepared via controlling
the air flow rate. When airflow rates of 1000, 100, and 0 mL min-1 were applied to the
CoPLLA17200 solution, the as-formed average pore diameters were measured to be 1.0 ±
0.09, 1.9 ± 0.11, and 3.1 ± 0.11 μm, respectively (Figure 11.1a). When airflow rates of
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100 and 0 mL min-1 were applied to the CoPCL17200 solution, the as-prepared average
pore diameters were 2.5 ± 0.8 and 5.2 ± 1.5 μm, respectively (Figure 11.1b). Increasing
the airflow rate accelerated the evaporation of solvent (CH2Cl2) and the temperature on
the copolymer solution decreased more efficiently, leading to the formation of more
water droplets arranged on the solution surface. When the airflow rate was higher, the
coalescence of water droplets became more difficult and thus smaller pores could be
produced. In general, when the solvent used to dissolve polymer is denser than water, the
water droplets condensed from the moisture air tend to form monolayer pores on the
solution surface without penetrating into the solution.[20] On the other hand, when the
solvent is lighter than water, water droplets can penetrate into the solution and form
multilayer pores.[23] Owing to the fact that the solvent (CH2Cl2) is denser than water, the
pores on those copolymer films were arranged in monolayer architecture as shown in
Figure 11.1a,b.
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Figure 11.1 (a) SEM images of honeycomb-patterned CoPLLA17200 films with different
pore diameters. Magnification: × 2000. Insets: maginification: × 10000. (b) SEM images
of honeycomb-patterned CoPCL17200 films with different pore diameters.

Figure 11.2 Micrographs of water droplets and contact angles on the flat and honeycombpatterned films with different pore diameters. (a) CoPLLA17200. (b) CoPCL17200.
The surface topography can affect the wettability of polymer films.[24-26] The
water contact angles on those honeycomb-patterned films and flat ones were determined
as shown in Figure 11.2. The water contact angle increased sharply from 66.8 ± 2.3° on
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the flat film of CoPLLA17200 to 121.3 ± 7.0°, 123.5 ± 5.6°, and 125.8 ± 6.3° on the
honeycomb films of CoPLLA17200 with pore diameters of 1.0, 1.9, and 3.1 μm,
respectively. Similarly, the water contact angle increased from 75.7 ± 5.4° on the flat film
of CoPCL17200 to 130.3 ± 6.4° and 135.7 ± 7.6° on the honeycomb films of
CoPLLA17200 with pore diameters of 2.5 and 5.2 μm, respectively. Honeycomb films
have higher hydrophobicities because of the formation of air pockets between the
substrate surface and water droplets when the water droplets are much bigger than the
pore size. In this case, the Cassie and Baxter model in eq. 1 can be used to theoretically
predict the water contact angles (θ).[24-27]
cosθ = (1 – fo) cosθs + fo cosθo

(1)

where fo is the fractional flat geometrical area of liquid-air interface beneath a water
droplet, θo is the water contact angle on the pore filled with air and is considered as 180°,
and θs is the water contact angle on the smooth surface, which was determined to be 66.8
± 2.3° and 75.7 ± 5.4° for CoPLLA17200 and CoPCL17200, respectively. For
CoPLLA17200 films, when the pore diameters were 1.0, 1.9, and 3.1 μm, the rim sizes
were measured from the SEM images using ImageJ software to be 0.15 ± 0.02, 0.31 ±
0.05, and 0.42 ± 0.04. Then the fo values were calculated to be 0.587, 0.586, and 0.598 for
the honeycomb films of CoPLLA17200 with pore diameters of 1.0, 1.9, and 3.1 μm,
respectively. For CoPCL17200 films, when the pore diameter increased from 2.5 to 5.2
μm, the rim size increased from 0.14 ± 0.03 to 0.21 ± 0.05 μm and then the fo value
increased from 0.705 to 0.744. Using Eq. 1, the water contact angles were calculated to
be 115°, 115°, and 116° on the honeycomb films of CoPLLA17200 with pore diameters
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of 1.0, 1.9, and 3.1 μm and 129° and 133° on the honeycomb films of CoPCL17200 with
pore diameters of 2.5 and 5.2 μm, respectively. Clearly, all the predicted water contact
angles were smaller than experimental values and they did show strong dependence on
the pore diameter, especially for the CoPLLA17200 films. However, this prediction
provided theoretical support for explaining the pore-diameter dependence of wettability.
Prominently, the fo values of honeycomb-patterned CoPCL17200 films were higher than
those of honeycomb-patterned CoPLLA17200 films because of the much narrower rims
on the CoPCL17200 films compared with the CoPLLA17200 ones. In addition, on the
films of both CoPLLA17200 and CoPCL17200, the fo value increased with increasing the
pore diameter, which is in contrast with our previous study that the fo value increased
from 0.528 on the honeycomb PCL films with 10.0 μm pores to 0.553 and 0.592 on the
films with 6.0 μm and 3.5 μm pores, respectively.[17]
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Figure 11.3 E14 mouse NPC proliferation on flat film and honeycomb-patterned films. (a)
fluorescent images of neurospheres stained with DAPI (blue) at days 1, 4, and 7 on
CoPLLA17200 films. (b) fluorescent images of neurospheres stained with DAPI (blue) at
days 1, 4, and 7 on CoPCL17200 films. (c) density of neurospheres on films at day 7. *: p
< 0.05 relative to flat, 0.95, and 3.1 μm films; #: p < 0.01 relative to flat and 0.95 μm
films for CoPLLA17200 and flat film for CoPCL17200. (d) diameter of neurospheres on
films at day 7. #: p < 0.01 relative to other films. (e) cell numbers at 4h, days 1, 2, and 4
on films determined by MTS assay. *: p < 0.05 and #: p < 0.01 relative to flat and 0.95
μm films for CoPLLA17200 and flat and 2.5 μm films for CoPCL17200.
The pore-size dependence of NPC attachment and proliferation was investigated
by culturing NPCs in serum-free media to exclude the effect of adsorbed serum proteins
on cell behavior. As demonstrated in Figure 11.3a,b, the flat films supported more
neurospheres than the honeycomb ones for both CoPLLA17200 and CoPCL17200,
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indicating that NPC proliferation was suppressed on the honeycomb films. By comparing
the NPC proliferation on the honeycomb films, we found that NPCs on the smaller pores
formed more neurospheres and fewer neurospheres were observed on honeycomb films
of CoPCL17200 than those of CoPLLA17200. From the DAPI-stained cell images, the
average number of neurospheres per image and the average diameter of neurospheres
were quantified from more than 20 images. Consistent with the observation in Figure
11.3a,b, the average number of neurospheres per image was lower on the honeycomb
films and the smaller pores supported fewer neurospheres for both CoPLLA17200 and
CoPCL17200 (Figure 11.3c). Compared with the honeycomb films of CoPLLA17200,
the CoPCL17200 films had lower neurosphere numbers per image. The diameter of
neurospheres shown in Figure 11.3d presented a trend similar to that was seen in Figure
11.3c. NPC attachment at 4 h and proliferation over 7 days were quantified using the
MTS assay, as shown in Figure 11.3d. NPC attachment on the honeycomb film of
CoPLLA17200 with 3.1 μm pores and the honeycomb film of CoPCL17200 with 5.2 μm
pores was significantly lower than that on flat CoPLLA17200 and flat CoPCL17200
films, respectively. The NPC attachment on the honeycomb films of CoPLLA17200 with
1.0 μm and 1.9 μm pores was slightly lower than that on the flat CoPLLA17200 film
without significant difference and the larger pores suppressed the attachment more. This
trend was also found between the honeycomb film with 2.5 μm pores and the flat one of
CoPCL17200. When the NPCs were cultured for longer time, these differences became
more prominent. The above result agreed with a previous finding that chondrocyte
proliferated more slowly on honeycomb films of poly(lactic acid) (PLA) with 5 μm pores
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than on the flat one;[28] however, different from some other findings, e.g., MC3T3-E1
cells, epidermal keratinocytes, and dermal fibroblasts showed better adhesion and
proliferation on honeycomb-patterned PCL films with pore diameters of a few microns
compared with the flat control.[17,27,29] In one report, it was even suggested that
honeycomb films promoted NPC proliferation compared with the flat one.[30]
The main factor to affect NPC attachment and proliferation in this study was the
topography available on the film surface, namely, the honeycomb pores. The pore
diameter and the rim size might play a critical role in the cell-substrate interactions. The
diameter of single NPC at 4 h was 7~10 μm. When NPCs were seeded on the copolymer
films, the cells first found attaching sites where the force balance was achieved. Owing to
the presence of pores and rims on the copolymer films, NPCs preferred to be localized in
pores to avoid the rims because the latter possibly caused force unbalance. Hence, when
the pore diameter was more comparable to or larger than a single NPC, NPCs tended to
be separated on the honeycomb films. As confirmed in Figure 11.3a,b, the larger pores
resulted in more separated cells that were randomly distributed on the films instead of
forming neurospheres. In particular, the NPCs were extremely separated from each other
on the honeycomb films of CoPCL17200 with 2.5 and 5.2 μm pores, which was more
significant than on the honeycomb films of CoPLLA17200. This difference might be
ascribed to the narrower rims on the honeycomb films of CoPCL17200, especially the
one with 5.2 μm pores, than on the honeycomb films of CoPLLA17200. Single NPC on
the narrower rims more tended to be localized in pores to obtain force equilibrium and
those cells were separated more easily with forming fewer neurospheres.
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NPCs cultured on the copolymer samples for 7 days were also immunostained
with nestin to verify the progenitor nature of NPCs prior to the studies of differentiation
into various lineages and gene expression. On all the copolymer films, 100% of NPCs
were nestin-positive, demonstrating that NPCs remained immature and undifferentiated at
this stage. Previously our research group reported that MC3T3-E1 cell attachment and
proliferation were enhanced on rougher PCL spherulites compared with hot-compressed
PCL,[14] whereas MC3T3-E1 cell proliferation was inhibited on rougher spherulites and
surfaces of PLLA.[15,16] As discussed in Introduction, the thermal properties of the
substrates might be important for regulating MC3T3-E1 cells because PCL was relatively
soft and PLLA was rigid at 37 °C.[14] However, in this study, NPCs responded to the
films of CoPLLA17200 and CoPCL17200 in the same way in terms of attachment and
proliferation possibly because the topography instead of polymer type dominated in
determining the cell-material interactions.
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Figure 11.4 Fluorescent images of NPCs differentiated on flat film and honeycombpatterned films with different pore diameters of (a) CoPLLA17200 and (b) CoPCL17200.
Differentiated NPCs were immunostained with anti-NF (red, mature neurons), anti-O4
(green, oligodendrocytes), anti-β-tubulin III (green, immature neurons), and anti-GFAP
(red, astrocytes) and counter-stained with DAPI (blue).
NPC differentiation into neurons, astrocytes, and oligodendrocytes, primary CNS
lineages, were characterized on the copolymer films, as demonstrated in Figure 11.4. For
CoPLLA17200, NPCs stained with mature neural marker NF showed typical and much
better neurite outgrowth on the flat film and the honeycomb film with 1.0 and 3.1 μm
pores than those on the honeycomb film with 1.9 μm pores. NPCs stained with immature
neural marker β-tubulin III showed the same trend. The number of NPCs stained with
astrocyte marker GFAP per image did not show significant difference on the
CoPLLA17200 films, whereas the number of NPCs stained with oligodendrocyte marker
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O4 in each image was slightly higher on the flat film and the honeycomb film with 1.0
and 1.9 μm pores than those on the honeycomb film with 3.1 μm pores. For
CoPCL17200, NPCs stained with NF and β-tubulin III showed more prominent neuronal
differentiation r the flat film and the honeycomb film with 5.2 μm pores, in particular, the
latter, than on the honeycomb film with 2.5 μm pores. Slightly better astrocyte
differentiation of NPCs as indicated by GFAP staining was also found on the flat film
and the honeycomb film with 5.2 μm pores of CoPCL17200 than on the honeycomb film
with 2.5 μm pores. Differently, oligodendrocyte differentiation marked with O4 did not
show significant differences on those CoPCL17200 films.
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Figure 11.5 Percentages of differentiated (a) NPCs, (b) neurons (NF-positive), (c)
astrocytes (GFAP-positive), and (d) oligodendrocytes (O4-positive) on flat film and
honeycomb-patterned films with different pore diameters after 7 days of culture in
differentiation media. *: p < 0.05 and #: P < 0.01 relative to other films.
The total percentage of differentiated NPCs and the percentages of differentiation
into neurons, astrocytes, and oligodendrocytes were quantified from fluorescent images,
as shown in Figure 11.5. The total percentages of differentiated NPCs was 93 ± 4%, 89 ±
5%, 65 ± 6%, and 95 ± 4% on the flat film and the honeycomb films with 1.0, 1.9, and
3.1 μm pores of CoPLLA17200, and 96 ± 6%, 73 ± 5%, and 98 ± 7% on the flat film and
the honeycomb films with 2.5 and 5.2 μm pores of CoPCL17200, respectively. The
neuronal differentiation of NPCs on the honeycomb film with 1.9 μm pores of
CoPLLA17200 showed a significantly lower percentage of ~15% than the values of
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~42%, ~35%, and ~47% on the flat film and the honeycomb films with 1.0 and 3.1 μm
pores. Similarly, the percentages of the neuronal differentiation on the flat film and the
honeycomb films with 2.5 and 5.2 μm pores of CoPCL17200 were ~44%, ~16%, and
~50%, respectively. The astrocyte differentiation and oligodendrocyte differentiation of
NPCs also demonstrated the same trend as they were suppressed on the honeycomb films
with 1.9 μm pores for CoPLLA17200 and with 2.5 μm pores for CoPCL17200. As
discussed earlier, the number of NPCs stained with GFAP per image did not show
significant difference on the CoPLLA17200 films; however, the differentiation
percentages were significantly lower on the honeycomb films with 1.9 μm pores than on
the other films. This can be ascribed to the difference in the cell density among different
films and the value was lower on the honeycomb films, especially when the pores were
larger, as discussed earlier in NPC proliferation. This phenomenon was further confirmed
by the percentage of the oligodendrocyte differentiation, which was much lower on the
honeycomb film with 1.9 μm pores than on the other films although the number of NPCs
stained with O4 per image was slightly higher on the flat film and the honeycomb films
with 1.0 and 1.9 μm pores than on the honeycomb film with 3.1 μm pores. This
explanation was also applicable to the result of oligodendrocyte differentiation on the
CoPCL17200 films.
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Figure 11.6 (a) Percentage of cells bearing neurites. #: P < 0.01 and +: P < 0.01 relative
to other films. (b) Number of neurites per cell.*: P < 0.05 relative to flat CoPLLA17200
films; #: P < 0.01 and +: P < 0.01 relative to other films. (c) Average neurite length. +: P
< 0.01 relative to other films.
In addition to the percentage of NPC differentiation into specific lineage, the
percentage of cells bearing neurites, the number of neurites per cell, and average neurite
length were also quantified from NF-immunostained fluorescent images, as shown in
Figure 11.7. The percentage of cells bearing neurites on the honeycomb film with 3.1 μm
pores ofCoPLLA17200 was significantly higher than on other CoPLLA17200 films, and
it was much lower on the honeycomb film with 1.9 μm pores than on the flat and the
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honeycomb film with 1.0 μm pores. The percentage of cells bearing neurites on the
honeycomb film with 2.5 μm pores of CoPCL17200 was prominently lower than the
values on the other CoPCL17200 films, and it was also much lower on the flat film than
on the honeycomb film with 5.2 μm pores. For both CoPLLA17200 and CoPCL17200,
the number of neurites per cell was much higher on the flat films and the honeycomb
films with the largest pores than those on the honeycomb films with smaller pores. The
average neurite length was remarkably bigger on the honeycomb films with the largest
pores than the values on the other films for both CoPLLA17200 and CoPCL17200. There
was no significant difference between the flat film and the honeycomb film with 1.9 μm
pores for CoPLLA17200 or the flat film and the honeycomb film with 2.5 μm pores for
CoPCL17200, although it was slightly higher on the flat films.
Evidently, compared with the flat films, the honeycomb film with 3.1 μm pores
for CoPLLA17200 and the honeycomb film with 5.2 μm pores for CoPCL17200
promoted neurite outgrowth instead of suppressing NPC differentiation, although NPC
attachment and proliferation were suppressed. When the pores were smaller than ~3.0 μm,
for examples, the honeycomb films with 1.0 and 1.9 μm pores for CoPLLA17200 and
with 2.5 μm pores for CoPCL17200, the NPC differentiation was suppressed and smaller
pores supported better differentiation.
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Figure 11.7 Gene expression levels of GFAP, NSE, and MOG, relative to GAPDH for
NPCs cultured on flat and honeycomb-patterned films in differentiation media for 7 days.
*: P < 0.05 and #: P < 0.01 relative to other films.
The

differentiation

of

NPCs

into

mature

neurons,

astrocytes,

and

oligodendrocytes was also evaluated using expression of gene markers, NSE, GFAP, and
MOG, respectively. Consistently, the expression levels of these three markers were lower
on the honeycomb CoPLLA17200 films with 1.0 and 1.9 μm pores than on the flat one,
and the bigger pores resulted in lower expression levels, whereas this trend was not
monotonic and these expression levels sharply increased on the honeycomb
CoPLLA17200 film with 3.1 μm pores, which were even slightly better than those on the
flat film. Similarly, these three expression levels were significantly suppressed on the
honeycomb CoPCL17200 film with 2.5 μm pores than those on the flat film, which then
sharply increased on the honeycomb film with 5.2 μm pores.
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Although the NPC attachment and proliferation were inhibited on the honeycomb
copolymer films because of the poorer cell-cell communications caused by separation of
the cells from each other compared with those on the flat ones, topographical guidance
played a critical role in neurite outgrowth. During neuronal polarization accomplished
through the generation of long cellular protrusions from cells, namely, neurites, the
topographical feature of substrates provided guidance for formation and stabilization of
focal adhesions which dominated the neurite initiation and outgrowth.[31-33] The
neurites grew and proceeded toward specific targets in a process called pathfinding.[34]
The efficient neurite alignment was induced on nanogratings with a linewidth of 500 nm
and a depth of 350 nm.[32] In this study, the pore rims on the honeycomb films can be
considered as circular groove ridges, which might provide the main topographical
guidance during neurite outgrowth. However, because microtubules and actin filaments
are inflexible, neurite pathfinding tends to develop in one or two directions. Consequently,
neurite outgrowth could only be guided and promoted on the rims when the pores were
large enough to reduce the directional confinement of neurites. For example, the
honeycomb CoPLLA17200 film with 3.1 μm pores and the honeycomb CoPCL17200
films with 5.2 μm pores supported better neurite growth. Because the honeycomb
CoPCL17200 film with 5.2 μm pores had a larger pore size than the honeycomb
CoPLLA17200 film with 3.1 μm pores, the neurites grew slightly better on the former, as
confirmed in earlier discussion. In contrast, when the pores were sufficiently small, for
example, < 3.0 μm, the pore rims could not guide the neurite growth efficiently and poor
cell-cell communications dominated the cell behavior to suppress NPC differentiation
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than on the flat films. When the pore diameter was larger, poorer cell-cell
communications resulted in lower neurite growth. Therefore, the honeycomb
CoPLLA17200 film with 1.0 μm pores showed better neurite growth than on the
honeycomb film with 1.9 μm pores. Our results were in agreement with previous findings
that neural stem cell differentiation was suppressed on honeycomb-patterned PCL films
with diameters of 3, 5, 8, and 10 μm, especially on the films with 3 μm pores.[12] Their
findings also indicated that neurites grew along the pore rims and the protrusion
extension was much better than on the flat films.

11.4 Conclusions
Honeycomb-patterned CoPLLA17200 films with diameters of 1.0, 1.9, and 3.1
μm and honeycomb-patterned CoPCL17200 films with diameters of 2.5 and 5.2 μm were
fabricated using the breath-figure method. NPC attachment and proliferation were
prohibited on honeycomb-patterned films, especially when pore diameters were larger
due to the poorer cell-cell communication caused by cell separation on pores. However,
NPC differentiation was promoted on the honeycomb CoPLLA17200 films with 3.1 μm
pores and the honeycomb CoPCL17200 films with 5.2 μm pores compared with that on
the flat ones, even though it was suppressed on the honeycomb films with smaller pores,
for example, 1.0 and 1.9 μm for CoPLLA17200 and 2.5 μm for CoPCL17200.
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CHAPTER XII
CONCLUSIONS
I present a divergent method to prepare two series of well-defined comb-dendritic
tri-block copolymers via divergent synthesis of dendritic PEG with four generations
using acetonide-protected anhydride derivative of 2,2-bis(hydroxymethyl)propionic acid
and ring-opening polymerization (ROP) of ε-caprolactone or L-lactide monomers. The
composition of copolymers was varied by controlling the feed ratio of monomers to
hydroxyl groups to give variable PLLA or PCL arm lengths. The chemical structures
were confirmed by

1

H NMR, FTIR, and GPC measurements. DSC and DMA

measurements were used to study the thermal and mechanical properties, respectively.
POM and AFM were used to oberve the crystalline morphology of copolymers with
different molecular weights. GIXRD study on copolymer films demonstrated that
crystallite size, lattice constants a, b, and c, and the crystallinity of copolymers were
strongly influenced by the penetration depth and increased with the penetration depth.
The MC3T3-E1 cell attachment and proliferation were regulated by the hydrophilicity of
the copolymers. For both CoPCL polymers and CoPLLA polymers, the cells had the best
response when the arm molecular weight was 4500 g/mol. Cell attachment and
proliferation were promoted when the CoPCL polymer with arm molecular weight of
17200 g/mol was crystallized from 35 oC to 45 oC, however, they did show significant
difference when the CoPLLA polymer with arm molecular weight of 17200 g/mol was
crystallized from 110 oC to 145 oC. Cells on CoPCL polymers with arm molecular
weights of 4500 g/mol and 17200 g/mol crystallized at 50 oC, as well as CoPLLA
polymers with arm molecular weights of 17200 g/mol crystallized at 145 oC and 4500,
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17200, and 28500 g/mol crystallized at 130 oC could feel the small ridges formed by the
lamellae radiating and were strongly aligned along radius direction of spherulites.
I elucidate the mechanism of how honeycomb substrates with tunable pore
diameters influenced MC3T3-E1 cell functions. For example, honeycomb-patterned PCL
films with controllable diameters from 10 to 6.0 and 3.5 μm and photo-cured
honeycomb-patterned PCLTA films with controllable diameters from 3.0 to 5.6 μm were
fabricated, respectively. Compared with the flat control, the honeycomb films
significantly promoted mouse MC3T3-E1 cell adhesion, spreading, proliferation, alkaline
ALP activity, calcium content, and gene expression of bone-specific differentiation
markers, ALP, COL I, OCN, and OPN, especially when the pores were smaller. The
promotion originated from enhanced expression of integrin subunits of α1, α2, β1.
Honeycomb PCL films could also be stretched into groove-like structures. Compared
with stretched flat films, stretched honeycomb films could elongate F-actin filaments of
MC3T3-E1 cells significantly and the effect was more prominent when the pore diameter
was smaller. These honeycomb PCL films can supply an efficient platform for bone
tissue engineering applications. In addition to the films with micron scale pores,
honeycomb-patterned photocrosslinked PCLTA films with pore diameters of 43, 93, 322,
and 725 nm were also fabricated using monodisperse silica nanoparticles as templates to
study the effect of honeycomb pores at submicron scale on MC3T3-E1 cell functions.
Compared with the solid film of photocrosslinked PCLTA, these honeycomb films
promoted MC3T3-E1cell adhesion, spreading, proliferation, and differentiation and this
promotion was more prominent on the films with smaller pores. These honeycomb films
with submicron pores serve as excellent platform for investigating cell-material
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interactions and also promising materials for bone tissue engineering applications.
To investigate the effect of honeycomb-patterned microgrooves with various
groove widths of ~5, ~15, and ~45 μm and depth of ~ 8 μm on MC3T3-E1 cell functions.
Honeycomb-patterned microgrooves were fabricated using breath figure method. the
alignment of cell filaments and nuclei, ALP activity and calcium content of cells, and
expression of ALP, OCN, and OPN

were promoted on honeycomb-patterned

microgrooves compared with regular microgrooves without pores. Furthermore, the
smaller groove width induced better results. However, the cell proliferation on
honeycomb-patterned microgrooves was inhibited compared with honeycomb-patterned
films without microgrooves.
Besides, the effect of surface energy on MC3T3-E1 cell functions was also
investigated. Hot-compressed, edge-on, and flat-on PCL films were prepared via simple
crystallization process and the surface morphology was observed by AFM scanning. Flaton surface had higher surface free energy compared with hot-compressed and edge-on
surface. MC3T3-E1 attachment, adhesion, spreading, proliferation, mineralization, and
gene expression were evaluated systemtically. The flat-on samples with a much higher
surface free energy could dramatically promote MC3T3-E1 cell adhesion and subsequent
spreading, proliferation, mineralization, and expression of gene markers related to
osteogenesis.
Microgrooved feature is another main topography which plays a great role in
regulating MC3T3-E1 cell functions. To mimic the surface feature of banded spherulites
generated from semi-crystalline polymers, CaCO3 concentric microgrooves with groove
widths of 5.0 and 10 μm were fabricated through modulating incubation temperature.
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MC3T3-E1 cells cultured on flat and microgrooved substrates of CaCO3 demonstrated
that the microgrooves could dramatically enhance their adhesion, spreading, proliferation,
and differentiation, especially on the narrower ones. In addition, cell nuclear distortion,
either being aligned or stretched, and distribution were also studied and more aligned cell
nuclei were trapped in 10-μm-wide CaCO3 grooves because of their comparable
dimensions. This study showed the great promise of using biomimetic CaCO3 concentric
microgrooved topography in bone tissue engineering applications. Besides, uniaxially
and biaxially stretched PCL films were prepared. The S600 film showed an evident
groove-like view along the stretching direction while the S1000 and BS films showed a
fibril-like view. Stretching enhanced the substrate stiffness dramatically, especially for
the S1000 film, but did not alter their thermal properties significantly. The S1000 and BS
films, especially the S1000 one, promoted mouse MC3T3-E1 cell adhesion, attachment,
proliferation, and mineralization, than the original film. The S600 film did not promote
MC3T3-E1 cell attachment and proliferation but enhanced its differentiation because of
the groove-like topography compared with the original film.
The effect of topographical features was studied not only on MC3T3-E1 cell
behavior for bone regeneration, but also on nerve cells, such as PC12 and NPC cells for
potential application in nerve regeneration. Banded and non-banded spherulitic surfaces
of PCL and PHB prepared through isothermal crystallization as well as their hotcompressed samples demonstrated their distinct influence on rat PC12 cell behavior.
PC12 cell attachment and proliferation were higher on the spherulites of PCL, especially
on the banded spherulites, than on the hot-compressed sample. In contrast, the trend was
opposite on the PHB samples, i.e., spherulites inhibited PC12 cell attachment and
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proliferation. In addition, the spherulites of both PCL and PHB promoted NGF-induced
neurite outgrowth of PC12 cells and the banded spherulites showed evident neurite
guidance along the groove direction. Honeycomb-patterned CoPLLA17200 films with
diameters of 1.0, 1.9, and 3.1 μm and honeycomb-patterned CoPCL17200 films with
diameters of 2.5 and 5.2 μm were fabricated using breath-figure method. NPC attachment
and proliferation were prohibited on honeycomb-patterned films, especially when pore
diameters were larger due to the poorer cell-cell communication caused by cell separation
on pores. However, NPC differentiation on 3.1-μm CoPLLA17200 films and 5.2-μm
CoPCL17200 ones was promoted compared with flat ones, even though it was
suppressed on 1.0-μm CoPLLA17200 films, 1.9-μm CoPLLA17200 films, and 2.5-μm
CoPCL17200 films. Our study provided one potential mechanism in which the
engineering devices for nerve regeneration applications can be achieved by tuning the
pore size on honeycomb-patterned films.
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